IDKD Springer Series 
Series Editors: Juerg Hodler - Rahel A. Kubik-Huch - Justus E. Roos 


Juerg Hodler FAY 
Rahel A. Kubik-Huch Ut AY 
Justus E. Roos \ Se’ 


Fditors 


| Diseases of the Brain, 
Head and Neck, Spine 
2024-2027 


[OPEN A Springer 


IDKD Springer Series 


Series Editors 
Juerg Hodler, Department of Radiology, University Hospital of Zürich, 


Zurich, Switzerland 


Rahel A. Kubik-Huch, Department of Radiology, Kantonsspital Baden, 
Baden, Switzerland 


Justus E. Roos, Department of Radiology, 
Luzerner Kantonsspital, Lucerne, Switzerland 


The world-renowned International Diagnostic Course in Davos (IDKD) represents a unique 
learning experience for imaging specialists in training as well as for experienced radiologists 
and clinicians. IDKD reinforces his role of educator offering to the scientific community tools 
of both basic knowledge and clinical practice. Aim of this Series, based on the faculty of the 
Davos Course and now launched as open access publication, is to provide a periodically 
renewed update on the current state of the art and the latest developments in the field of organ- 
based imaging (chest, neuro, MSK, and abdominal). 


Juerg Hodler » Rahel A. Kubik-Huch 
Justus E. Roos 
Editors 


Diseases of the Brain, Head 
and Neck, Spine 2024-2027 


Diagnostic Imaging 


e | D K D a E G) Springer 


Editors 


Juerg Hodler Rahel A. Kubik-Huch 
University of Zurich Department of Radiology 
Zurich, Switzerland Kantonsspital Baden 


Baden, Aargau, Switzerland 
Justus E. Roos 
Department of Radiology 
Luzerner Kantonsspital 
Lucerne, Switzerland 


This book is an open access publication. 


ISSN 2523-7829 ISSN 2523-7837 (electronic) 
IDKD Springer Series 
ISBN 978-3-031-50674-1 ISBN 978-3-031-50675-8 (eBook) 


https://doi.org/10.1007/978-3-03 1-50675-8 
Foundation for the Advancement of Education in Medical Radiology 


© The Editor(s) (if applicable) and The Author(s) 2024 

Open Access This book is licensed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link 
to the Creative Commons license and indicate if changes were made. 

The images or other third party material in this book are included in the book's Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not included in the book's Creative Commons license 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. 

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use. 

The publisher, the authors, and the editors are safe to assume that the advice and information in this book are believed 
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty, 
expressed or implied, with respect to the material contained herein or for any errors or omissions that may have been 
made. The publisher remains neutral with regard to jurisdictional claims in published maps and institutional affiliations. 


This Springer imprint is published by the registered company Springer Nature Switzerland AG 
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland 


Paper in this product is recyclable 


Contents 


Part I  Brain/Skull Base/Head 
1 Diseases of the Sella Turcica and Parasellar Region ........................ 
W. Kucharczyk and L. A. Loevner 


2 Problem Solving Disorders of CSF ............. 00... eee 
Tomas Dobrocky and Alex Rovira 


3 Stroke and Its Mimics: Diagnosis and Treatment .......................0-. 
Sarah Power and Achala S. Vagal 


d Cerebral Neoplasms 3 a05 ich hese idee eee ceee ese as raa EERENS 
Girish M. Fatterpekar and Pia C. Sundgren 


5 Nontraumatic Intracranial Hemorrhage ......................00 eee eee eee 
Pamela W. Schaefer and Myriam Edjlali 


6 Intracranial Infection and Inflammation..........................0...00005 
Tchoyoson Lim and Majda M. Thurnher 


7 Neuroimaging Update on Traumatic Brain Injury ......................... 
Apostolos J. Tsiouris and Yvonne W. Lui 


8 Differential Diagnosis of Intracranial Masses .....................2.22000 
Fabrice Bonneville, H. Rolf Jager, and James G. Smirniotopoulos 


9 Toxic and Metabolic Disorders .................. 0.00. c cece eee eee 
Sofie Van Cauter and Marco Essig 


10 Imaging the Patient with Epilepsy or Seizures........................-0005 
Núria Bargalló and Timo Krings 


H Wound Dowily. :oransciessacetarese ig cee kaai aaa kai eaaa 
Christopher P. Hess and James G. Smirniotopoulos 


12 Evaluation of Patients with Cranial Nerve Disorders....................... 
Jan W. Casselman, Alexandre Krainik, and Ian Macdonald 


Part II Brain and Spine 


13 Demyelinating Diseases of the CNS (Brain and Spine)...................... 
Frederik Barkhof and Kelly K. Koeller 


vi 
Part II Pediatric and Fetal 


14 Child with Acute Neurological Emergency................. 0.0.00 eee e eee 
Livja Mertiri, Andrea Rossi, Laura M. Huisman, 
and Thierry A. G. M. Huisman 


PartIV Head and Neck 
15 Evaluation of Tinnitus and Hearing Loss in the Adult ...................... 


Graham C. Keir, Jenny K. Hoang, and C. Douglas Phillips 


16 Approach to Masses in Head and Neck Spaces ...................0200+000 
Brianna E. Damadian, Patricia A. Rhyner, and Deborah R. Shatzkes 


17 Head and Neck Squamous Cell Cancer: Approach to Staging 
ANG, SUTVOULINGS 5 cok nntexer thp E deh ods gat ERA AAE Rae Ree ESR LRnS 
Heejun (Tony) Kang, Tabassum A. Kennedy, and Eugene Yu 


Part V Spine, Spinal Cord, Plexus and Nerves 
18 Evaluation of Myelopathy and Radiculopathy.........................0005 


Lubdha M. Shah and Jeffrey S. Ross 


19 Spinal Trauma and Spinal Cord Injury (SCD .................... 00. ..0005 
Luc van den Hauwe and Adam E. Flanders 


20 Masses in and Around the Spine ............... 00... cee cece eee eee 
Jan E. Vandevenne and Adrian Kastler 


Contents 


Part I 
Brain/Skull Base/Head 


® 


Check for 
updates 


Diseases of the Sella Turcica 
and Parasellar Region 


W. Kucharczyk and L. A. Loevner 


Abstract 


Knowledge of the anatomy in the regions of the sella tur- 
cica, suprasellar cistern, and cavernous sinus paired with 
clinical history and presentation is important for accurate 
image interpretation. Focused diagnosis of lesions in 
these regions requires identifying the anatomic location in 
which a lesion arises, evaluation of specific imaging find- 
ings inherent to the lesion as well as in the surrounding 
structures, and correlation with clinical presentation 
(symptoms and signs). 

It is important to determine whether a mass arises in 
the sella turcica versus the suprasellar cistern, and whether 
it involves both the sella turcica and suprasellar cistern. 

Imaging features of a sellar mass that should be 
assessed include: 


e Arising from or separate from the pituitary gland 
e Cystic degeneration 

e Size of the sella 

e Infundibulum involved 

e Stalk deviation 

e Relationship to chiasm 

e Edema optic pathways, hypothalamus 

e Cavernous sinus—internal carotid artery 

e Osseous remodeling, destruction 
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Learning Objectives 

e Review anatomy of the sella turcica and parasellar 
regions. 

e Illustrate distinguishing imaging findings of the 
most common lesions arising from the sellar and 
parasellar regions. 

e Use imaging findings in conjunction with clinical 
signs and symptoms to develop a concise differen- 
tial diagnosis and the “single best” diagnosis. 


Key Points 

e Knowledge of the anatomy of the pituitary gland, 
pituitary stalk, cavernous sinus, suprasellar cistern, 
optic chiasm, and arteries of the central skull base is 
essential for accurate diagnosis. 


1.1 Introduction 

A spectrum of pathology affects the pituitary gland/sella 
turcica and the surrounding regions. The most common 
abnormality is a pituitary adenoma, followed by Rathke 
cleft cyst and meningioma. Magnetic resonance imaging 
(MRI) is the imaging modality of choice in the evaluation 
of sellar and parasellar pathology. Patients are referred for 
MRI most often on the basis of clinical and laboratory 
findings; however, it is also common to discover lesions in 
these regions as incidental findings on imaging of the 
brain performed for other indications. Computed tomog- 
raphy (CT) may be used to supplement MRI findings such 
as to evaluate for intra-lesional calcifications or changes 
in adjacent bones (remodeling, destruction, or 
hyperostosis). 
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1.2 Imaging Appearance of the Normal enhancement following contrast administration (Fig. 1.la, 
b). The posterior lobe of the pituitary gland is often hyperin- 
tense on T1-weighted imaging and positioned slightly behind 
the adenohypophysis, often within a cup-shaped depression 


of the dorsum sellae (Fig. 1.1a). 


Pituitary Gland 


The anterior lobe of the pituitary gland is isointense to brain 
on T1W and T2W imaging and demonstrates homogeneous 


Fig. 1.1 Normal pituitary 
gland unenhanced 
T1-weighted MR (a). 
Contrast-enhanced 
T1-weighted MR (b) 
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1.3 Pituitary Adenomas 

The imaging work-up of pituitary adenomas remains largely 
unchanged over the last decade with the exception of the 
ability to more routinely perform high resolution sub- 
millimeter thin imaging in select cases where adenomas are 
often not detected on conventional sequences/techniques 
(Cushing’s disease). Unenhanced and enhanced T 1-weighted 
images are obtained in the sagittal and coronal planes as well 
as a T2-weighted sequence in the coronal plane. Dynamic 
contrast-enhanced Tl-weighted imaging is also often 
acquired to evaluate for microadenomas. If the conventional 
MR imaging is negative or equivocal, and the patient has 
unequivocal symptoms and signs (lab work, etc.), additional 
imaging utilizing sub-millimeter sequences may be 
indicated. 

Pituitary microadenomas (<10 mm) are contained within 
the sella turcica and are often hypointense relative to the nor- 
mal adenohypophysis on Tl-weighted images. They are 
round in shape, and when over 5-6 mm in size often dis- 
places the pituitary stalk away from the side of the lesion. 
Occasionally, pituitary adenomas may exhibit hyperintensity 
on T1-weighted images often reflecting internal hemorrhage. 
Such hemorrhage is more common in prolactinomas and 
may be spontaneous or following medicinal therapy such as 
bromocriptine. The signal intensity of microadenomas on 
T2W images varies, although if hyperintense relative to the 
normal gland, a microadenoma is likely. In the clinical and 
laboratory setting of excess growth hormone, a focal mass 
that is hypointense on T2-weighted images highly correlates 
with a diagnosis of a densely granulated GH-secreting ade- 
noma. Following contrast administration, most pituitary 
adenomas show “differential enhancement” which means 
that they enhance but to a lesser degree than the normal sur- 
rounding avidly enhancing gland, so they appear relatively 
hypointense. Delayed contrast-enhanced imaging may inad- 
vertently obscure microadenomas by virtue of their slower 
“wash-in” curve relative to normal pituitary. Dynamic 
contrast-enhancing imaging may be useful for some micro- 
adenomas, especially ACTH-secreting tumors. 

Pituitary macroadenomas (defined as tumors greater than 
10 mm in size) often extend beyond the confines of the sella, 
most often into the suprasellar cistern or the cavernous sinus. 
They may also grow inferiorly, invading the bone at the skull 
base and the sphenoid sinus. With trans-nasal endoscopic 
approaches being the mainstay in surgical management of 
sellar and parasellar pathology, the description of such exten- 
sion is required in the preoperative imaging checklist. 

Macroadenomas that grow superiorly into the suprasellar 
cistern are commonly bilobed “snowman” in shape, con- 
strained at the waist by the diaphragma sella. Macroadenomas 
often are complex lesions with solid and cystic components 
resulting in heterogeneous signal on T1- and T2-weighted 


imaging. Cystic and/or necrotic components (caused by poor 
tumoral blood supply) exhibit variable signal, but often con- 
tain proteinaceous debris which may be hyperintense on 
Tl-weighted images, and hypo- to hyperintense on 
T2-weighted imaging depending on the protein concentra- 
tion. With macroadenomas, the neurohypophysis/stalk may 
be compressed, laterally displaced, or difficult to visualize. 
In some cases, compression of the infundibulum is disruptive 
such that the neurohypophyseal function is displaced 
upstream with a “new” bright spot more cephalad along the 
infundibulum. 

Cavernous sinus involvement may be due to compressive 
growth and consequent medial and occasionally lateral dural 
reflection or may reflect true invasion of the sinus. Invasion 
is excluded if normal pituitary tissue is seen between the 
tumor and the sinus. On imaging, cavernous invasion is sug- 
gested when neoplasm is present lateral to the cavernous 
internal carotid artery (Knosp criteria grade 3A, 3B, and 4). 

While prolactinomas and growth hormone (GH)-secreting 
adenomas are often located laterally in the sella turcica, 
ACTH-secreting adenomas in Cushing’s disease are usually 
quite small in size, more difficult to detect, and are more 
often located in the midline. Because of the morbidity asso- 
ciated with this disease, ACTH-secreting lesions require the 
most detailed and exhaustive imaging with the intent to pro- 
vide surgical management. 

GH-secreting adenomas have the unique characteristic of 
exhibiting hypointensity on T2-weighted images in two- 
thirds of cases, usually the densely granulated subtype. 
Spontaneous infarction or necrosis of GH-secreting adeno- 
mas is not uncommon. Some cases of acromegaly detected 
late in the course of the disease exhibited an enlarged, par- 
tially empty sella turcica, lined with adenomatous tissue that 
proved difficult to analyze. Medical treatment based on 
octreotide analogs (somatostatin) decreases the size of the 
adenoma on average by 35% and brings the level of somato- 
medin C back to normal in 50% of cases. 

Hemorrhage occurs in 20% of all pituitary adenomas, but 
it is usually occult. Pituitary apoplexy with severe headache, 
cranial nerve palsy, and significant hypopituitarism is gener- 
ally caused by marked hemorrhage within a 
macroadenoma. 

Surgery of the sella and parasellar region is usually under- 
taken via an endonasal transsphenoidal endoscopic approach 
for a number of reasons. Multiple instruments can be utilized 
including angled endoscopes. A nasoseptal flap can be har- 
vested at the time of surgery to reconstruct the skull base and 
thus prevent CSF leaks. Furthermore, the exposure can be 
lateralized to resect parasellar lesions and can be extended 
posteriorly through the clivus to reach the prepontine cistern. 
Preoperative CT is routinely performed for intraoperative 
surgical navigation. CT also reveals bony anatomy including 
the location of sphenoidal sinus septae and their insertions, 
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the presence of onodi cells, and the degree of aeration of the 
sphenoid sinus, all of which may influence the surgical 
approach, patient safety, and ultimately patient outcome. 


1.4 Postoperative Sella Turcica 

The surgical cavity immediately after endonasal transsphe- 
noidal surgery is often filled with packing material. Surgicel 
is frequently used and is impregnated with blood and secre- 
tions. The presence of packing material, secretions, and 
adhesions usually keeps the surgical cavity from collapsing 
in the days and weeks following surgery. Blood, secretions, 
and packing material slowly involute over the following 
2-3 months. Even after a few months, fragments of blood- 
impregnated surgicel can still be found in the surgical cavity. 
If the diaphragm is disrupted during surgery, fat or muscle 
implants are inserted by the surgeon to prevent the develop- 
ment of a cerebrospinal fluid fistula. Their resorption takes 
much longer. Implanted fat involutes slowly and may exhibit 
hyperintensity on the Tl-weighted image up to 2-3 years 
after surgery. An MRI study performed 48 h after surgery 
checks for potential complications and may visualize what 
appears to be residual tumor, i.e., a mass of intensity identi- 
cal to that of the adenoma before surgery that commonly 
occupies a peripheral portion of the adenoma. This early 
investigation is extremely helpful to interpret the follow-up 
MR examinations. Magnetic resonance imaging 2—3 months 
after surgery is essential to check for residual tumor. 
Subsequent surveillance MRIs, 1—2 years or more following 
surgical resection, may illustrate a progressively enlarging 
mass indicative of recurrent adenoma. 


Key Points 

e The most common lesions in the sella turcica are 
pituitary adenomas (microadenomas > macroade- 
nomas), and many are visible on non-contrast MRI. 
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1.5 Rathke Cleft Cyst 

Asymptomatic Rathke cleft cysts are a common incidental 
finding at autopsy and on MR imaging of the brain. These 
cysts are predominantly intrasellar in location. In an evalua- 
tion of 1000 autopsy specimens, 113 pituitary glands (11.3%) 
harbored incidental Rathke cleft cysts. Incidental Rathke cysts 
in a large autopsy series found 89% were localized at the cen- 
ter of the gland, with the remaining 11% predominantly lateral 
lesions. In that series, of all incidental pituitary lesions local- 
ized to the central part of the gland, 87% were Rathke cysts. 
Extrasellar Rathke cysts typically occur in the suprasellar cis- 
tern, usually midline and anterior to the stalk. Rathke cleft 
cysts are found in all age-groups. They share a common origin 
with some craniopharyngiomas in that they are thought to 
originate from remnants of squamous epithelium from the 
Rathke cleft. The cyst wall is composed of a single cell layer 
of columnar, cuboidal, or squamous epithelium on a basement 
membrane. The epithelium is often ciliated and may contain 
goblet cells. The cyst contents are typically mucoid, less com- 
monly filled with serous fluid or desquamated cellular debris. 
Calcification in the cyst wall is rare. 

Most Rathke cleft cysts are small and asymptomatic. 
Symptoms occur if the cyst enlarges sufficiently to compress 
the pituitary gland or optic chiasm and uncommonly, second- 
ary to hemorrhage. The MR signal characteristics vary depend- 
ing on the cysts contents (protein concentration of mucoid 
material), with approximately 60% hyperintense on unen- 
hanced T1l-weighted images (Fig. 1.2a), and 40% following 
the signal characteristics of CSF on Tl-weighted and 
T2-weighted images. An “intra-cystic nodule” is diagnostic 
and is present in up to 75% of cases. These nodules are com- 
posed of mucinous material, protein, and cholesterol and are 
characteristically hypointense on T2-weighted imaging 
(Fig. 1.2b). The nodules may be hyperintense on T1-weighted 
imaging and do not enhance. Rathke cleft cysts do not enhance. 
Occasionally there may be thin marginal enhancement of the 
cyst wall. This feature can be used to advantage in difficult 
cases to separate these cysts from craniopharyngiomas. 
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Fig. 1.2 Rathke cleft cyst. Coronal unenhanced T1-weighted MR (a). Coronal T2-weighted MR illustrating a hypointense central “intra-cystic 
nodule” (b) 


1.6 Craniopharyngioma 

Craniopharyngiomas are epithelial-derived neoplasms that 
occur in the region of the sella turcica and suprasellar cis- 
tern and less frequently in the third ventricle. 
Craniopharyngiomas account for approximately 3% of all 
intracranial tumors and show no gender predominance. 
Craniopharyngiomas are hormonally inactive lesions, 
although compression of the stalk may result in diabetes 
insipidus. They have a bimodal age distribution with more 
than half occurring in childhood or adolescence, with a 
peak incidence between 5 and 10 years of age. There is a 
second smaller peak in adults in the sixth decade of life. 
These tumors vary greatly in size and most often arise in 
the suprasellar cistern. Infrequently (5%), craniopharyngi- 
omas are entirely intrasellar. 

The most frequent craniopharyngioma is the classic ada- 
mantinomatous type, identified during the first two decades 
of life presenting with symptoms and signs of increased 
intracranial pressure including headache, nausea, vomiting, 
and papilledema. Visual disturbances due to compression of 
the optic apparatus are frequent but difficult to detect in 
young children. Others present with pituitary hypofunction 
because of compression of the pituitary gland, pituitary stalk, 
or hypothalamus. Rarely, adamantinomatous tumors are 
found outside the suprasellar cistern, including in the poste- 
rior fossa, pineal region, third ventricle, and nasal cavity 
(sphenoid sinus). 


Adamantinomatous tamors are almost always cystic and 
usually have both solid and cystic components. Calcification 
is seen in the vast majority (~90%) of these tumors. These 
calcifications can often be identified on MRI as hypointense 
foci along the wall of the primary lesion; however, calcifica- 
tions can be difficult to discern and in such cases CT will 
prove helpful. Extensive fibrosis and signs of inflammation 
are often found with these lesions, so that they adhere to 
adjacent structures including the vasculature at the base of 
the brain. Optic tract and hypothalamic edema on 
T2-weighted images is a common associated finding that is 
not usually seen with pituitary macroadenomas and menin- 
giomas. Due to the inflammatory and fibrotic nature of cra- 
niopharyngiomas, recurrence is common, typically within 
the first 5 years after surgery. 

On rare occasions, adamantinomatous craniopharyngio- 
mas may be purely solid and completely calcified. These cal- 
cified types of tumors can be entirely overlooked on MRI 
unless close scrutiny is paid to subtle distortion of the normal 
suprasellar anatomy. Contrast administration shows a mod- 
erate degree of enhancement of the solid tumor. 

Papillary craniopharyngiomas are typically found in adult 
patients. These tumors on MR imaging are solid and enhance, 
without calcification, and may be found within the third ven- 
tricle. Although surgery remains the definitive mode of ther- 
apy for all craniopharyngiomas, as papillary variants are 
encapsulated and are readily separable from nearby struc- 
tures and adjacent brain, they are thought to recur much less 
frequently than the adamantinomatous type. 


1.7 Meningioma 

Approximately 10% of meningiomas occur in the parasellar 
region. These tumors arise from a variety of locations around 
the sella including the tuberculum sellae, planum sphenoi- 
dale, clinoid processes, medial sphenoid wing, and cavern- 
ous sinus. Meningiomas are usually slow growing and 
present because of compression on adjacent structures most 
commonly the pre-chiasmatic optic nerves and optic chiasm 
resulting in visual symptoms. 

Meningiomas are most frequently isointense—and less 
commonly hypointense—to gray matter on unenhanced 
Tl-weighted sequences. Approximately 50% remain isoin- 
tense on the T2-weighted sequence, whereas 40% are hyper- 
intense. Meningiomas enhance intensely and homogeneously, 
often with a trailing edge of thick dura “dural tail sign.” 
Other diagnostic signs include visualization of a CSF cleft 
separating the tumor from the brain (and denoting its extra- 
axial location) and a clear separation of the tumor from the 
pituitary gland (thus indicating that the tumor is not of pitu- 
itary gland origin) (Fig. 1.3). A peripheral black rim occa- 
sionally noted at the edges of these meningiomas is thought 
to be related to surrounding veins. Hyperostosis and calcifi- 
cation are more apparent on CT scan. Vascular encasement is 
not uncommon, particularly with meningiomas in the cav- 


Fig. 1.3 Meningioma. Sagittal contrast-enhanced Tl-weighted MR 
image shows the tumor centered on the planum sphenoidale and tuber- 
culum sella and illustrates that it is separated from the pituitary gland 


W. Kucharczyk and L. A. Loevner 


ernous sinus. The pattern of encasement is of diagnostic 
value. Meningiomas typically narrow the lumen of the 
encased artery (but do not occlude it). This is rare with other 
tumors most notably pituitary macroadenomas that grow lat- 
erally into the cavernous sinus. 


1.8 | Chiasmatic and Hypothalamic 


Gliomas 


The distinction between chiasmatic and hypothalamic glio- 
mas often depends on the predominant position of the lesion. 
In many cases, the origin of large gliomas cannot be defini- 
tively determined; therefore, hypothalamic and chiasmatic 
gliomas are discussed as a single entity. The vast majority 
(75%) of these tumors occur in the first decade of life, with 
equal prevalence in males and females. There is a definite 
association of optic nerve and chiasmatic gliomas with neu- 
rofibromatosis, more so for tumors that arise from the optic 
nerve rather than from the chiasm or hypothalamus. 

Tumors of chiasmal origin are also more aggressive than 
those originating from the optic nerves and tend to invade the 
hypothalamus and floor of the third ventricle. Patients may 
experience monocular or binocular visual disturbances, 
hydrocephalus, or hypothalamic dysfunction. The appear- 
ance of the tumor depends on its position and direction of 
growth. It can be confined to the chiasm or the hypothala- 
mus; however, because of its slow growth, the tumor usually 
attains a considerable size by the time of presentation, and 
the site of origin is frequently conjectural. Smaller nerve and 
chiasmal tumors are visually distinct from the hypothalamus, 
and their site of origin is more clear-cut. From the point of 
view of differential diagnosis, these smaller tumors can be 
difficult to distinguish from optic neuritis, which can also 
cause optic nerve enlargement. The clinical history is impor- 
tant in these cases (neuritis is painful, tumor is not) and, if 
necessary, interval follow-up of neuritis will demonstrate 
resolution of optic nerve swelling. 

On Tl-weighted images, these tumors are most often 
isointense while on T2-weighted images, they are moder- 
ately hyperintense. Calcification and hemorrhage are not fea- 
tures of these gliomas but cysts are seen, particularly in the 
larger hypothalamic tumors. Contrast enhancement occurs in 
about half of all cases. Because of the tumor’s known pro- 
pensity to invade the brain along the optic radiations, 
T2-weighted images of the entire brain are necessary. This 
pattern of tumor extension is readily evident as hyperinten- 
sity on the T2-weighted image; however, patients with neu- 
rofibromatosis (NF) present a problem in differential 
diagnosis. This relates to a high incidence of benign cerebral 
hamartomas and atypical glial cell rests in NF that can 
exactly mimic glioma. These both appear as areas of high 
signal intensity on T2-weighted images within the optic radi- 
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ations. Lack of interval growth and possibly the absence of 
contrast enhancement are more supportive of a diagnosis of 
hamartoma while enhancement suggests glioma. 


1.9 Metastases 

Symptomatic metastases to the pituitary gland are found in 
1-5% of cancer patients. These are primarily patients with 
advanced, disseminated malignancy, particularly breast and 
lung carcinoma. Intrasellar and juxtasellar metastases arise 
via hematogenous seeding to the pituitary gland and stalk, 
by extension of bone metastases and by CSF seeding. There 
are no distinctive MRI characteristics of metastases, 
although infundibular involvement is common, and bone 
destruction is a prominent feature of lesions that involve the 
skull base. Metastases involving the sella are not uncom- 
monly misinterpreted as pituitary adenomas. In addition to 
evaluating the discriminating imaging features, metastases 
unlike adenomas are often associated with diabetes 
insipidus. 


1.10 Infections 

Infection in the suprasellar cistern and cavernous sinuses is 
usually part of a disseminated process or occurs by means of 
intracranial extension of an extracranial infection. The basal 
meninges in and around the suprasellar cistern are suscepti- 
ble to tuberculous and other forms of granulomatous menin- 
gitis. The cistern may also be the site of parasitic cysts, in 
particular (racemose and subarachnoid) neurocysticercosis. 
In infections of the cavernous sinus, many of which are 
accompanied by thrombophlebitis, the imaging findings on 
CT and MRI consist of a convex lateral contour to the 
affected cavernous sinus with evidence of a filling defect 
after contrast administration. The intra-cavernous portion of 
the internal carotid artery may also be narrowed secondary to 
surrounding inflammatory change. 

Infections of the pituitary gland itself are uncommon. 
Direct viral infection of the hypophysis has never been estab- 
lished, and bacterial infections are unusual. There has been 
speculation that cases of acquired diabetes insipidus may be 
the result of a select viral infection of the hypothalamic 
supra-optic and paraventricular nuclei. Tuberculosis and 
syphilis, previously encountered in this region because of the 
higher general prevalence of these diseases in the population, 
are now uncommon. Gram-positive cocci are the most fre- 
quently identified organisms in pituitary abscesses. Pituitary 
abscesses usually occur in the presence of other sellar masses 
such as adenomas, Rathke’s cleft cysts, and craniopharyngi- 
omas, indicating that these masses serve as predisposing fac- 
tors to infection. 


There are a few reports on CT of pituitary abscesses. 
These indicate that the lesion is similar in appearance to an 
adenoma. The correct preoperative diagnosis of abscess is 
difficult and rarely made. Non-contrast MRI demonstrates a 
sellar mass indistinguishable from an adenoma. Occasionally, 
pituitary abscesses are unrelated to primary pituitary lesions. 
In these cases, erosion of the bony sella from an aggressive 
sphenoid sinusitis may be the route of infection. 


1.11 Noninfectious Inflammatory Lesions 
Lymphocytic hypophysitis is an uncommon, noninfectious 
inflammatory disorder of the pituitary gland. It occurs almost 
exclusively in women and particularly during late pregnancy 
or in the post-partum period. The diagnosis should be con- 
sidered in a peripartum patient with a pituitary mass, particu- 
larly when the degree of hypopituitarism is greater than that 
expected from the size of the mass. It is believed that, if 
untreated, the disease results in panhypopituitarism. 
Clinically, the patient complains of headache, visual loss, 
inability to lactate, or some combination thereof. Pituitary 
hormone levels are depressed. MRI shows diffuse enlarge- 
ment of the anterior lobe without focal abnormality or change 
in internal characteristics of the gland. Thickening of the 
pituitary stalk may also be present. 

Sarcoid afflicting the hypothalamic—pituitary axis usually 
manifests itself clinically as diabetes insipidus, or occasion- 
ally as a deficiency of one or more anterior lobe hormones. 
Low signal intensity on T2-weighted images is one finding 
that occurs in sarcoid with some frequency, but rarely in other 
diseases, with few exceptions (other granulomatous inflam- 
matory diseases, lymphoma, some meningiomas). This low 
signal finding may aid in differential diagnosis. Also, the pres- 
ence of multiple, scattered intra-parenchymal brain lesions 
should raise the possibility of the diagnosis, as should diffuse 
or multifocal lesions of the basal meninges. The latter are best 
defined on coronal contrast-enhanced T1-weighted images. 

Tolosa-Hunt syndrome (THS) refers to a painful ophthal- 
moplegia caused by an inflammatory lesion of the cavernous 
sinus that is responsive to steroid therapy. Pathologically, the 
process is similar to orbital pseudotumor. Imaging in this 
disorder is often normal or may show subtle findings such as 
asymmetric enlargement of the cavernous sinus, enhance- 
ment of the prepontine cistern, or abnormal soft tissue den- 
sity in the orbital apex. Hypointensity on T2-weighted 
images may be observed; since this observation is uncom- 
mon in all but a few other diseases (e.g., meningioma, lym- 
phoma, and sarcoid), it may be helpful in the diagnosis. 
Clinical history allows further precision in differential diag- 
nosis—meningioma does not respond to steroids while lym- 
phoma and sarcoid have evidence of disease elsewhere in 
almost all cases. 
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1.12 Vascular Lesions 


Saccular aneurysms in the sella turcica and parasellar area 
arise from either the cavernous or supra-clinoid segments of 
the internal carotid artery. It is extremely important to iden- 
tify these lesions. Confusion with a solid tumor can lead to 
surgical catastrophes. Fortunately, their MRI appearance is 
distinctive. Aneurysms are well defined and lack internal sig- 
nal on spin echo (SE) images, the so-called signal void cre- 
ated by rapidly flowing blood. This blood flow may cause 
artifacts on the image usually manifest as multiple ghosts in 
the phase-encoding direction, and in itself is a useful diag- 
nostic sign. 

Thrombus in the aneurysm lumen fundamentally alters 
these characteristics, the clot usually appearing multi- 
lamellated high signal on Tl-weighted images, partially or 
completely filling the lumen. Hemosiderin from superficial 
siderosis may be visible in the adjacent brain manifest as low 
signal intensity on T2-weighted, gradient echo, or 
susceptibility-weighted images. MR or CT angiography is 
used to confirm the diagnosis, define the neck of the aneu- 
rysm, and establish the relationship of the aneurysm to the 
major vessels. 

Carotid cavernous fistulas are abnormal communications 
between the carotid artery and the cavernous sinus. Most 
cases are due to trauma; less frequently they are “‘spontane- 
ous.” These spontaneous cases are due to a variety of abnor- 
malities, including atherosclerotic degeneration of the 
arterial wall, congenital defects in the media, or rupture of an 
internal carotid aneurysm within the cavernous sinus. Dural 
arteriovenous malformations (AVMs) of the cavernous sinus 
are another form of abnormal arteriovenous (AV) communi- 
cation in this region. 

On MRI, the dilatation of the venous structures, in par- 
ticular the ophthalmic vein and cavernous sinus, is usually 
clearly visible. The inter-cavernous venous channels dilate in 
both direct and indirect carotid cavernous fistulae and may 
also be seen on MR images. Furthermore, the internal char- 
acter of the cavernous sinus is altered; definite flow channels 
become evident secondary to the arterial rates of flow within 
the sinus. The fistulous communication itself is most often 
occult on MRI. The pituitary gland has been noted to be 
prominent in cases of dural arteriovenous fistula without evi- 
dence of endocrine dysfunction. The exact mechanism of 
pituitary enlargement is not known, however venous conges- 
tion is a postulated cause. 

Cavernous hemangiomas are acquired lesions and not 
true malformations and rarely may occur in the suprasellar 
cistern. They may have an atypical imaging appearance so 
some caution must be exercised in the differential diagnosis 
of parasellar masses. Even though cavernous hemangiomas 
in this location are rare, failure of the surgeon to appreciate 
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their vascular nature can lead to unanticipated hemorrhage. 
Cavernous hemangiomas should be considered in the differ- 
ential diagnosis of solid, suprasellar masses that do not have 
the classic features of more common lesions, in particular 
craniopharyngiomas or meningiomas. On MR imaging, 
T2-weighted images are helpful as hemangiomas are often 
markedly T2 hyperintense compared to meningiomas, and 
hemangiomas may have a peripheral dark rim. 

Other vascular abnormalities of the sella include unilat- 
eral tortuous or bilateral “kissing” internal carotid arteries 
and medial trigeminal artery. While the former are relatively 
straightforward on imaging, the medial trigeminal artery is 
worth remembering. Much like with the intrasellar aneu- 
rysm, with the medial trigeminal artery, neurosurgical catas- 
trophes can occur if the presence of an intrasellar artery is 
not identified. This artery will arise from the medial aspect of 
the cavernous carotid artery and will course directly posteri- 
orly through the gland and through the dorsum sellae to 
reach the basilar artery. Approximately 40% of trigeminal 
arteries arise medially. In addition, patients with trigeminal 
arteries are at increased risk of associated intracranial aneu- 
rysm. Finally, congenital absence of the internal carotid 
artery and asymmetric pneumatization of the sphenoid and 
sella can pose confusing images. 


Key Points 

e Carotid artery aneurysms and anomalies can mimic 
intrasellar and parasellar mass lesions. Arterial 
lesions must be considered in the differential diag- 
nosis of lesions in this area. MRA or CTA can be 
used to confidently confirm or exclude the presence 
of arterial lesions. 


1.13 Additional Pathology in the Sellar 
and Parasellar Regions 


Many other lesions may involve the sella turcica and parasel- 
lar region. These include mass lesions such as germinoma, 
epidermoid, dermoid, teratoma, schwannoma, chordoma, 
ecchordosis, choristoma, arachnoid cyst, hamartoma, IgG4- 
related disease, and Langerhans cell histiocytosis. Also, 
there are several important metabolic conditions that may 
cause pituitary dysfunction or MRI-observable abnormali- 
ties in and around the sella. These include diabetes insipidus, 
growth hormone deficiency, hemochromatosis, hypermagne- 
semia, and hypothyroidism. Space limitations preclude their 
further discussion in this synopsis. 


1 Diseases of the Sella Turcica and Parasellar Region 


1.14 Concluding Remarks 


An understanding of the physiology of the pituitary gland 
and stalk, as well as the anatomy of the sella turcica and sur- 
rounding structures is important. There are 3 or 4 common 
pathologies that arise from each of these regions (sella tur- 
cica, suprasellar cistern, cavernous sinus). Knowledge of the 
anatomy, physiology, and familiarity with these pathologies 
results in high probability of correct imaging diagnosis. 


Take-Home Messages 

e The vast majority of lesions arising in the sella tur- 
cica are pituitary adenomas. 

e You do not want to miss aneurysms and arterial 
anomalies. 

e Anatomic relationships are key to arriving at a cor- 
rect imaging diagnosis. 

e Knowledge of basic physiology and clinical presen- 
tation helps synch the diagnosis. 
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Problem Solving Disorders of CSF 


Tomas Dobrocky and Alex Rovira 


Abstract 


Spontaneous Intracranial Hypotension (SIH) 

Spontaneous intracranial hypotension (SIH) is a 
debilitating medical condition, which is perpetuated by 
the continuous loss of cerebrospinal fluid (CSF) at the 
level of the spine, and is the top differential diagnosis for 
patients presenting with orthostatic headache. 
Neuroimaging plays a crucial role in the diagnostic 
work-up and monitoring SIH, as it provides objective 
data in the face of various clinical symptoms and very 
often a normal opening pressure on lumbar puncture. 
Brain MRI frequently demonstrates typical signs of CSF 
depletion and includes homogenous dural enhancement, 
venous distention, subdural collections, and brain sag- 
ging. Three types of CSF leaks may be distinguished: (1) 
ventral dural leaks due to microspurs, (2) leaking spinal 
nerve root cysts, (3) or direct CSF venous fistula. The 
quest for the leak may be the fabled search for the needle 
in the haystack, scrutinizing the entire spine for a dural 
breach often the size of pin. The main role of spine imag- 
ing is the correct classification and precise localization of 
CSF leaks. Precise localization of the CSF leak site is 
crucial to successful treatment, which is generally a tar- 
geted percutaneous epidural patch or surgical closure 
when conservative measures fail to provide long-term 
relief. 
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Obstructive Hydrocephalus. Communicating 
Hydrocephalus. Normal Pressure Hydrocephalus 

Modern imaging techniques play an essential role for 
understanding of the anatomy of the cerebrospinal fluid 
(CSF) spaces and ventricular system, as well as the 
hydrodynamics of CSF flow, and consequently in the 
assessment of the different types of hydrocephalus. 
Obstructive (non-communicating) hydrocephalus is a 
complex disorder resulting from an obstruction/block- 
age of the CSF circulation along one or more of the nar- 
row apertures connecting the ventricles, being the most 
common type of hydrocephalus in children and young 
adults. On the other hand, communicating hydrocepha- 
lus is defined as a cerebrospinal fluid flow circulation 
abnormality outside the ventricular system that produces 
an increase in the ventricular size. Most cases are sec- 
ondary to obstruction of CSF flow between the basal cis- 
terns and brain convexity and include common 
conditions such as subarachnoid hemorrhage and men- 
ingitis (infectious and neoplastic). In a subset of com- 
municating hydrocephalus, no CSF obstruction can be 
demonstrated as occurs in normal pressure hydrocepha- 
lus (NPH), a complex entity with poorly understood 
cerebrospinal fluid dynamics. Neuroradiology plays an 
essential role in the diagnosis of hydrocephalus, and in 
distinguishing this condition from other causes of 
ventriculomegaly. 


Keywords 


Spontaneous intracranial hypotension - SIH - CSF leak - 
CSF venous fistula - Epidural blood patch - 
Hydrocephalus - Normal pressure hydrocephalus - 
Cerebrospinal fluid disorders - Dementia - MRI - CT 
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2.1 Spontaneous Intracranial 


Hypotension (SIH) 


Learning Objectives 

e To get acquainted with clinical symptoms, underly- 
ing pathomechanism in spontaneous intracranial 
hypotension (SIH). 

e To recognize typical brain imaging findings in SIH 
and be able to use the Bern SIH score. 

e To recognize three spinal CSF leak types and be 
aware of different myelography techniques. 

e To be familiar with treatment options in SIH 
patients. 


Key Points 

e Typical brain imaging findings of SIH include dural 
enhancement, distension of intracranial veins and 
sinuses, subdural collections, pituitary enlarge- 
ment, and effacement of subarachnoid cisterns. 

e The Bern SIH score is a 9-point, brain MRI-based 
score, allowing stratification of the likelihood of a 
spinal CSF leak. 

e Low opening pressure on lumbar puncture is not a 
reliable marker of SIH. 

e Non-enhanced MRI of the entire spine, with fat 
suppression, is important to screen for spinal longi- 
tudinal extradural CSF (SLEC) collection and guide 
further diagnostic steps. 

e Spinal CSF leaks do not always occur at the level of 
prominent disc protrusions or a large nerve root cyst. 

e Three types of CSF leaks can be distinguished; (1) 
ventral dural tears due to an osteogenic microspur, 
(2) leaking spinal nerve cyst, (3) CSF venous fistula. 


According to the International Classification of Headache 
Disorders (ICHD-3), low opening pressure on lumbar punc- 
ture (<6 cm CSF) or classical imaging signs of intracranial 
hypotension (brain OR spine MRI) is required to fulfill the 
diagnostic criteria for SIH [1]. Despite the fact that “hypo- 
tension” is included in the term “SIH,” a low opening pres- 
sure on lumbar puncture is only present in about one-third of 
patient [2, 3]. Consequently, neuroimaging plays a crucial 
part in the work-up of patients with clinical suspicion of 
SIH. It is important to distinguish SIH from other patholo- 
gies which may be associated with CSF depletion, like post- 
dural puncture headache (PDPH), rhinorrhea, or CSF loss 
after surgical interventions, since diagnostic work-up, thera- 
peutic approach, and outcome differ. 
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2.1.1 Clinical Presentation 

The incidence of SIH is 5/100,000 and is almost equal to 
the incidence of aneurysmatic subarachnoid hemorrhage 
[4]. Women are twice as often affected than men. The 
classic clinical hallmark of SIH is orthostatic headache, 
with an increasing intensity in the upright position and 
decreases when recumbent. This is most likely due to 
stretching of pain sensitive fibers in the dura mater, which 
is more pronounced in the upright position. However, the 
orthostatic character phenotype may become less appar- 
ent in the subacute and chronic stage of the disease, and 
other non-orthostatic forms including thunderclap, non- 
positional, exertional, cough related, and “second-half-of- 
the-day” may occur [5]. Other clinical symptoms include 
neck pain, tinnitus, changes in hearing, vertigo, nausea, 
and diplopia. Some of these symptoms are believed to be 
due to brain sagging which causes stretching of cranial 
nerves. Other rare presentations of SIH include endocrine 
disorders due to pituitary enlargement, decreased level of 
consciousness or coma, which are most likely due to out- 
flow restriction with consecutive thrombosis of the inter- 
nal cerebral veins [6-8]. 


2.1.2 Etiology 


In total, approximately 100-150 mL of CSF circulates in 
the intracranial and intraspinal compartments. The CSF 
encloses the brain parenchyma and spinal cord, providing 
protection, buoyancy, and a conduit for clearing of meta- 
bolic waste products. The CSF is sealed within the con- 
fines of the dura while a meticulous balance between 
production and resorption is maintained. Perturbations of 
production or resorption disturb this equilibrium and cause 
symptoms. According to the Monro-Kellie doctrine, the 
total volume within the confines of the skull is constant 
and is the sum of the volumes of blood, CSF, and brain 
parenchyma. Volume loss in one compartment is compen- 
sated by a reciprocal volume increase in one or both other 
compartments. In patients with SIH, the loss of CSF leads 
predominantly to increased blood volume, which may be 
appreciated as distension of veins and hyperemia on brain 
and spine imaging [9, 10]. 

It is important to note that even though the classical clini- 
cal presentation is headache, the underlying cause of the 
disease is exclusively to be found at the level of the spine. 
CSF leaks at the level of the skull base are typically not 
associated with SIH symptoms [11]. Three types of CSF 
leaks can be distinguished (Table 2.1) [12, 13]. Type I leaks 
are due to an osteogenic microscope (endplate osteophyte or 
calcified disc protrusion) penetrating the dura. Type II leaks 
are due to a leaking spinal nerve cyst. Type III leaks are the 
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so-called CSF venous fistulas which represent a direct com- 
munication between the intrathecal space and the epidural/ 
paraspinal vein [14, 15]. In type I and II leaks, a spinal lon- 


Table 2.1 Etiology of SIH, brain MRI-based quantitative SIH score 
(Bern score), typical spine MRI findings 


Spine MRI 
Etiology Brain MRI imaging imaging 
Type 1: Osteogenic Brain SIH score (Bern Screen for spinal 
microspur (endplate score) longitudinal 
osteophyte, e Major criteria (2 epidural CSF 
calcified disc points) collection (SLEC) 
protrusion) 1. Venous distention SLEC positive 
Type 2: Leaking 2. Pachymeningeal “wet leaks”) 
nerve root cyst enhancement Type 1 or type 2 
Type 3: CSF 3. Suprasellar cistern leaks 
venous fistula (<4 mm) SLEC negative 
e Minor criteria (“dry leaks”) 
(1 point) Type 3 leaks 
4. Subdural fluid 
collection 
5. Prepontine cistern 
(<5 mm) 
6. Mamillopontine 
distance 
(<6.5 mm) 
Other findings: pituitary Start with a T2w 
enlargement, fat-suppressed 
(infratentorial) superficial MRI 
siderosis, calvarial Spine MRI has no 
hyperostosis localizing value 
for CSF leaks 
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gitudinal extradural CSF collection (SLEC) is invariably 
present, thus they may be considered as “wet leaks”. On the 
other hand, type III leaks do not demonstrate a spinal longi- 
tudinal extradural CSF collection and thus may be consid- 
ered “dry leaks”. 


2.1.3 Diagnostic Work-Up 


2.1.3.1 Brain MRI 

The diagnostic work-up of SIH patients usually starts with a 
brain MRI. As proposed by Schievink, the most typical find- 
ings include subdural fluid collections, enhancement of the 
pachymeninges, engorgement of venous structures, pituitary 
hyperemia, and sagging of the brain (mnemonic: SEEPS) 
[16] (Fig. 2.1). Additional imaging signs which may be usu- 
ally be found in long-standing (untreated) SIH include super- 
ficial siderosis, calvarial hyperostosis, or enlargement of 
paranasal sinuses [17, 18]. 

In 2018, a 9-point, brain MRI-based SIH score (bSIH) 
allowing stratification of the likelihood of finding a spinal 
CSF leak in patients with clinically suspected SIH was pro- 
posed (Table 2.1) [10]. The score comprises 3 major (2 points 
each) and 3 minor (1 point each) signs. The major signs are 
pachymeningeal enhancement, distention of venous sinuses, 
and effacement of the suprasellar cistern (<4.0 mm). The 
minor signs are subdural fluid collection, effacement of the 
prepontine cistern (<5.0 mm), and reduced mamillopontine 


Fig. 2.1 (a) Coronal illustration of the brain with typical findings in a 
patient with a spinal CSF leak with venous distention of the superior 
sagittal sinus (arrowhead 1), pachymeningeal enhancement (arrowhead 
2), superficial siderosis (arrowhead 3), enlarged pituitary (arrowhead 4), 
prominent intercavernous sinus (arrowhead 5), effaced suprasellar cis- 
tern (arrowhead 6), and subdural fluid collection (arrowhead 7). (b) 


Sagittal illustration of the posterior fossa with typical findings in patients 
with a CSF leak with effaced suprasellar cistern (arrowhead 1; patho- 
logic <4 mm), effacement of the prepontine cistern (2; pathologic 
<5 mm), decreased mamillopontine distance (3; pathologic <6.5 mm), 
and low-lying cerebellar tonsils (arrowhead 4). (Reprinted from 
Dobrocky et al., JAMA 2019) 
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Fig. 2.2 (a) Gadolinium-enhanced brain MRI in the sagittal plane 
demonstrating homogenous and smooth pachymeningeal enhancement 
and distension of the transverse sinus. (b) Flair image in the transversal 
plane demonstrating bilateral subdural collections. (c) T2-weighted 


distance (<6.5 mm) (Fig. 2.2). Based on the bSIH score <2, 
3-4, and >5, the probability of the myelographic discovery 
of a CSF leak or CSF venous fistula is low, intermediate, and 
high, respectively [10, 19]. 


MRI in the sagittal plane demonstrating effaced CSF cisterns; suprasel- 
lar cistern 2 mm, (pathologic <4 mm), prepontine cistern 3.5 mm 
(pathologic <5 mm), mamillopontine distance 4 mm (pathologic 
<6.5 mm) 


More recently, the score has been referred to as the Bern 
SIH score. It has been used as a quantitative tool for therapy 
monitoring after surgical closure of CSF leaks as well as 
after endovascular treatment of CSF venous fistulas [20, 21]. 
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2.1.3.2 Spine Imaging 

Identification and precise localization of a CSF leak are the 
main goals of spine imaging. This remains challenging since 
the quest for the leak may be the fabled search for the needle 
in the haystack, scrutinizing the entire spine for a dural 
breach often the size of pin. Various imaging modalities have 
been used for the spine work-up: unenhanced spine MRI, 
intrathecal gadolinium-enhanced spine MRI, conventional 
dynamic myelography, postmyelography CT, dynamic CT 
myelography, and digital subtraction myelography [22]. 
Even though a detailed discussion of these techniques is 
beyond the scope of this chapter, each modality has its 
unique strengths (spatial/temporal resolution) and shortcom- 
ings (intrathecal application of contrast, radiation exposure) 
which need to be considered. 

A non-enhanced MRI of the entire spine should be the 
first diagnostic step in case of a positive brain MRI or in case 
of high clinical suspicion of STH [23]. The spine study should 
include T2-weighted, fat-suppressed, high-resolution images 
(Fig. 2.3a) which help to identify any epidural collection of 
CSF and thus distinguish between “wet leaks” (SLEC +) and 
“dry leaks” (SLEC —), which guides further diagnostic steps. 

In case of intractable SIH, not responding neither to con- 
servative therapy nor to non-targeted epidural blood patch 
(EBP), the precise localization of a spinal CSF leak is cru- 
cial. As previously reported, non-enhanced MRI has no 
localizing value (accuracy less than 40%) [24]. The reasons 
for poor accuracy of leak localization on spine MRI are mul- 
tiple. First, the epidural CSF collection usually spans several 
vertebral levels and does not allow to pinpoint the culprit 
lesion at a specific vertebral level [25]. Second, several sus- 
picious culprit lesions are encountered in most patients, 
including multiple disc protrusions and nerve root cysts. 
However, in the overwhelming majority of patients, there is 
only a single site of CSF leakage. 

For precise CSF leak localization, three dynamic 
myelography techniques are available: conventional 
dynamic myelography (CDM), digital subtraction myelog- 
raphy (DSM), and dynamic CT myelography (DCTM) 
[26-28]. The practice in different centers may vary accord- 
ing to local availability and expertise. In SLEC positive 
patients (type | and 2), a diagnostic technique with a high 
temporal resolution is mandatory. Patient positioning 
should be adapted according to the suspicious findings on 
spine MRI, prone for suspected ventral osteo-discogenic 
microspur (type | leak) or lateral decubitus for suspected 
rupture of a spinal nerve root cyst (type 2 leak) [27]. The 
spinal level where contrast starts to spill from the intrathe- 
cal into the epidural compartment when contrast has 
reached the level of the dural breach needs to be captured 
during the exam (Fig. 2.3c). 
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Imaging of CSFVF has evolved over the past few years, 
and different variations of the technique have been proposed. 
Lateral decubitus and sustained inspiration during myelogra- 
phy have been reported to increase the diagnostic yield [29, 
30]. A CSFVF may be appreciated as an opacified tubular 
structure (“hyperdense paraspinal vein sign”) extending 
from a nerve root cyst into an epidural or paravertebral vein 
[13, 31,32]. 


2.1.4 Treatment 


A three-tier therapeutic model with increasing level of inva- 
siveness for treatment of SIH patients is generally applied, 
including conservative treatment (bed rest or caffeine), per- 
cutaneous treatment with epidural patching (targeted or non- 
targeted), and surgical or endovascular closure of the CSF 
leak or fistula. 

Conservative measures reported in the literature include 
bed rest, oral hydration, and oral caffeine administration, 
however, are unlikely to provide long-term relief in most SIH 
patients. 

When conservative measures fail, non-targeted or tar- 
geted image-guided epidural blood patches may be applied. 
Untargeted epidural blood patch (EBP) is a minimally inva- 
sive, readily available, effective symptomatic therapy pro- 
viding short-term relief in a substantial number of SIH 
patients. However, according to a recent cohort study, the 
success rate of permanently sealing a spinal CSF leak is low 
(<30%), which in turn might explain the high rate of delayed 
symptom recurrence [33]. 

Response rates after one EBP reported in the literature 
range between 36 and 88%. The reason for striking differ- 
ence in EBP efficacy is manifold. First, the technique varies 
substantially between studies and depends on the amount 
(low or high volume), type of injected substance (autologous 
blood or fibrin), number of injected levels, the way of deliv- 
ery (targeted vs non-targeted), or the way of application 
(imaging guided vs blind). Second, several studies do not 
differentiate between SIH leak type, PDPH, and other pos- 
sible etiologies of orthostatic headache. Third, the outcome 
measures are heterogeneous and mainly report short-term 
improvement in headache severity (<3 months). However, 
long-term follow-up and objective measures are usually 
neglected. 

Ultimately, in cases of intractable SIH, microsurgical 
exploration and closure of the dural breach are the treatment 
of choice [34, 35]. In order to limit the extent of bone removal 
during surgery, pinpointing the site of dural dehiscence to 
one vertebral level on dynamic imaging is mandatory for the 
success of this approach. Recently, Brinjikji et al. proposed a 
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Fig. 2.3 (a) T2-weighted, 
fat-saturated sagittal image 
demonstrating a CSF 
collection in the dorsal 
epidural space - spinal 
longitudinal epidural CSF 
collection (SLEC). The 
posterior dura is clearly 
visible (red arrows). 

(b) Lateral decubitus 
myelography demonstrating a 
type 2 leak with an 
abnormally enlarged nerve 
root cyst (red circle) at the 
level T11 with spilling of 
intrathecal contrast into the 
adjacent epidural space (green 
arrows). (c) Conventional 
dynamic myelography in 
prone position showing the 
spill of intrathecal contrast 
(blue arrow) into the ventral 
epidural space (red arrow) at 
T12. (d) Postmyelography CT 
demonstrating a microspur 
(red arrow) originating at the 
dorsal endplate and 
penetrating the dura 


transvenous embolization of CSF venous fistulas with very 
promising results [36]. 

A recent systematic review on the efficacy of EBP or sur- 
gery in SIH patients including 139 studies reported an over- 
all low level of the strength of evidence [37]. In total, 38% 
studies did not clearly meet the ICHD-3 criteria, CSF leak 
type was unclear in 78% studies, while nearly all (85%) 
reported patient symptoms using unvalidated measures. A 
prospective randomized clinical trial is necessary to clarify 
the effectiveness of epidural blood patching and surgery in 
SIH patients. 
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2.1.5 Concluding Remarks 


Due to the growing awareness among headache specialist 
including, but not limited to, neurologists, neuroradiologists, 
and neurosurgeons, SIH is increasingly recognized. It typi- 
cally presents with orthostatic headache and when left 
untreated may leave the patient psychologically burdened or 
in despair. Unlike insinuated by the term SIH, true hypoten- 
sion is an unreliable marker of the disease, underlying on the 
importance of recognition of objective, however often subtle 
imaging signs. A meticulous and standardized diagnostic 
work-up of patients is mandatory in order detect imaging 
signs of the disease and provide effective therapy. 


2 Problem Solving Disorders of CSF 


Take-Home Messages (3-5) 


2.2 


The Bern SIH (bSIH) score is 9-point, brain MRI- 
based scale that stratifies the likelihood of finding a 
spinal CSF leak in patients with suspected SIH. 
Three pathologies at the level of the spine that may 
cause SIH: (1) osteogenic microspurs, (2) leaking 
nerve root cysts, (3) CSF venous fistulas. 
Non-enhanced MRI of the entire spine with fat 
suppression is important to screen for spinal longi- 
tudinal extradural CSF collection (SLEC) and 
guide further diagnostic steps. 

Spinal CSF leaks do not always occur at the level of 
prominent disc protrusions; myelography with 
intrathecal contrast and high temporal resolution 
is generally required for leak localization (as 
opposed to conventional spine MRI). 
Individualized treatment approach according to 
the leak type seems warranted (epidural blood 
patch, microsurgical closure of the leak, transve- 
nous embolization in case of a CSF venous fistula). 


Obstructive Hydrocephalus. 
Communicating Hydrocephalus. Normal 
Pressure Hydrocephalus 


Learning Objectives 


To gain knowledge on the different types of 
hydrocephalus. 

To know the MRI protocol required in the diagnos- 
tic work-up of suspected hydrocephalus. 

To recognize the typical radiological features of 
both communicating and non-communicating 
(obstructive) hydrocephalus. 

To be able to recognize the imaging features that 
distinguish idiopathic normal pressure hydrocepha- 
lus from other causes of ventriculomegaly in the 
adult population. 


Key Points 


Neuroimaging (CT and MRI) allows detailed ana- 
tomical and physiological information on hydro- 
cephalus and establishes a classification based on 
its causal mechanism (non-communicating and 
communicating). 


e High-resolution structural and functional MRI 
sequences provide the best approach to identify the 
patency of cerebrospinal flow inside the ventricular 
system and the cause of hydrocephalus. 

e Idiopathic normal pressure hydrocephalus (NPH) is 
a surgically treatable reversible neurological disor- 
der in which neuroimaging plays an essential role in 
its diagnosis and in predicting surgical response. 


2.2.1 Hydrocephalus 

Hydrocephalus is currently defined as ventricular dilatation 
associated with a decrease in extraventricular subarachnoid 
spaces. The degree of ventricular dilation and the damage 
produced to brain tissue will depend on various factors, such 
as the cause and speed of onset of hydrocephalus, and the 
age of the patient. 

With the advent, first of CT and later of MRI, it has been 
possible to obtain detailed anatomical and physiological 
information on hydrocephalus and to establish a classifica- 
tion based on its causal mechanism (non-communicating and 
communicating), a fact that has obvious therapeutic implica- 
tions (Table 2.2). 

Usually brain CT is the first-line imaging procedure, 
especially in emergency cases with acute hydrocephalus. 
However, MRI is the method of choice in detailed assess- 
ment of this condition. Contrast media injection is not 
required for the diagnosis unless there is a suspicion of a 
neoplastic or an inflammatory process. The main purpose of 
the diagnostic procedures in patient with obstructive hydro- 
cephalus is to find a lesion impeding the cerebrospinal fluid 
(CSF) flow within the ventricular system and to differentiate 
this condition from communicating hydrocephalus and other 
non-hydrocephalic cause of ventricular enlargement such as 
brain atrophy [38, 39]. 

In addition to conventional structural MRI sequences, 
other dedicated sequences should be considered in the 
assessment of hydrocephalus [40, 41]. Cardiac-gated phase 
contrast MRI (PC-MRI) is extremely sensitive to CSF flow 
and has demonstrated value in demonstrating patency of 
intraventricular CSF circulation (particularly aqueduct 
patency), but does not offer anatomical information of CSF 
pathways. Combination of heavily 3D T2-weighted 
sequences such as CISS (constructive interference steady 
state) or FIESTA (Fast Imaging Employing Steady-State 
Acquisition) that offer superb anatomical information, and 
3D T2-weighted turbo/fast spin-echo sequences such as 
SPACE (sampling perfection with application optimized 
contrast using different flip angle evolutions), VISTA (vol- 
ume isotropic turbo spin echo acquisition), or CUBE that are 
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Table 2.2 Causes of hydrocephalus 


Non-communicating (obstructive) 

Any obstacle compressing the foramina from the outside or 
any intraventricular obstructive lesion at the level of: 

1. Foramen of Monro: Colloid cyst, tumors (ependymoma, 
subependymomas, central neurocytoma, glial tumors), 
adhesions 

2. Cerebral aqueduct: 
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Communicating 
With obstruction of CSF absorption: 
e Subarachnoid hemorrhage 
e Meningitis—bacterial, aseptic 
e Leptomeningeal carcinomatosis 
e Vestibular schwannoma 
Without obstruction of CSF absorption: normal pressure 


e Non-neoplastic intrinsic lesions (idiopathic/congenital/ 
inflammatory): webs/adhesions/forking, cysts G 
e Periaqueductal lesions: pineal gland tumors, tectum e 
glioma, tentorial meningioma, metastasis, infection 
(meningitis/ventriculitis, abscess), cerebral vascular 
malformation (vein of Galen aneurysm) 
e Giant cystic mesencephalic Virchow-Robin spaces 
3. Trapped fourth ventricle (obstruction of all CSF 
pathways of the fourth ventricle, including foramina of 
Luschka and Magendie, as well as aqueduct): previous 
ventricular shunting for hydrocephalus, infection, 
intraventricular hemorrhage, and post-inflammatory changes 
after posterior fossa surgery 
4. Fourth ventricular outlets: cerebellar infarct, posterior 
fossa tumors (metastasis, meningioma, astrocytoma, 
medulloblastomas), hemorrhage, meningitis, Dandy—Walker 
malformation 
5. Foramen magnum: metabolic diseases, developmental 
abnormalities, Chiari malformations, osteochondrodysplasia 


Table 2.3 Protocol recommendations for MRI in suspected hydro- 
cephalus of unknown origin 


e 2D/3D sagittal unenhanced T1-weighted (with multiplanar 
reconstruction) 

e 2D axial T2-weighted 

e 2D transverse/3D sagittal T2-FLAIR 

e 3D sagittal CISS/FIESTA 

e 3D sagittal T2-weighted SPACE/VISTA/CUBE 

e 2D/3D susceptibility-based sequences 

If infectious meningitis or leptomeningeal metastasis suspected add: 

e 2D transverse/3D sagittal contrast-enhanced T2-FLAIR 

e 2D transverse-coronal/3D sagittal contrast-enhanced 
T1-weighted 


highly sensitive to CSF flow, provides an easy evaluation of 
CSF pathway and circulation to establish the patency of CSF 
flow [41]. It has been shown that these sequences provide 
adequate morphological and similar functional information 
of CSF patency to cine PC-MRI [42] and should be consid- 
ered within the imaging strategy for assessing CSF circula- 
tion patency in clinical practice (Table 2.3; Fig. 2.4). 


2.2.2 Radiological Findings 


The typical radiological findings which raise the suspicion of 
any form of hydrocephalus are as follows: 


hydrocephalus (NPH) 
Secondary (sNPH): subarachnoid hemorrhage, meningitis 
Idiopathic (iNPH) 


— 


. Enlargement of the ventricles that can be quantified by 
using the Evans’ index. The Evans’ index is the ratio of 
maximum width of the frontal horns of the lateral ventri- 
cles and maximum internal diameter of skull at the same 
level measured in axial CT and MRI images. A value of 
>0.3 is considered abnormal. 

2. Dilatation of temporal horns—a very sensitive sign of 
hydrocephalus. Temporal ventricular horns dilate first 
due to relatively little resistance of choroidal fissure to 
expansion and relative bulk of basal ganglia “tamponad- 
ing” lateral ventricles. 

. Dilatation of the third ventricular recesses. 

. Reduced mamillopontine distance. 

. Upward bowing and thinning of the corpus callosum. 

. Disproportionately narrowed cortical sulci, although they 
may be normal especially if there was pre-existing 
widening. 


Nm w 


Acute hydrocephalus is an emergency condition requiring 
urgent treatment because it may lead to severe complications 
such as cerebral infarction, persistent blindness, herniation, or 
even death. The most important findings on MRI which enable 
differentiation between acute and chronic hydrocephalus are 
hyperintense bands in the periventricular white matter found 
on T2-weighted or T2-FLAIR images which are compatible 
with acute interstitial oedema, referred to as transependymal 
oedema or diapedesis (Fig. 2.5). On CT, these areas appear as 
low-density regions around the margins of the ventricles. 
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Fig. 2.4 Brain MRI recommended protocol in the diagnostic work-up 
of hydrocephalus. Axial T2-weighted images (a, b) show ventriculo- 
megaly associated with the presence of flow void inside the aqueduct 
(arrow). Transverse and coronal T2-FLAIR images (c, d) shows mild 
enlargement of Sylvian fissures associated with blockage of upper con- 


2.2.3 Non-communicating (Obstructive) 
Hydrocephalus 


Obstructive (non-communicating) hydrocephalus is a com- 
plex disorder resulting from an obstruction/blockage of the 
cerebrospinal fluid circulation along one or more of the nar- 
row apertures connecting the ventricles [40]. This type of 
hydrocephalus is caused by a variety of conditions including 
the typical obstruction sites at the level of foramen of Monro, 
cerebral aqueduct (Fig. ), fourth ventricular outlets 
(Fig. ), and foramen magnum, produced by either any 
lesion in the form of space-occupying lesion compressing 
the foramina from the outside, or any intraventricular 
obstructive lesion including tumour or haemorrhage [43, 44] 
(Table 2.2). 

Since obstructive hydrocephalus may be a life- 
threatening condition, this condition requires a prompt and 
accurate diagnosis in order to offer the most adequate 
treatment. 


vexity CSF spaces. Midsagittal T1-weighted (e), 3D CISS (f), and 3D 
SPACE (g) images shows a morphological normal aqueduct with 
marker flow void. These findings indicated the diagnosis of normal 
pressure hydrocephalus 


2.2.4 Communicating Hydrocephalus 


Communicating hydrocephalus is defined as a CSF flow cir- 
culation abnormality outside the ventricular system that pro- 
duces an increase in the ventricular size. Most cases are 
secondary to obstruction of CSF flow between the basal cis- 
terns and brain convexity and include common conditions 
such as subarachnoid hemorrhage (SAS), bacterial and asep- 
tic meningitis, and leptomeningeal carcinomatosis. Based on 
this concept, communicating hydrocephalus is usually asso- 
ciated with CSF absorption impairment, and for that reason 
this type of hydrocephalus could be better classified as com- 
municating with obstruction, to differentiate them from nor- 
mal pressure hydrocephalus (NPH), in which there is no 
objective obstruction of CSF circulation and absorption [45, 

]. Important radiological features that distinguish this type 
of hydrocephalus from other causes of ventriculomegaly are 
dilatation of the temporal horns; ballooning of the third ven- 
tricular walls, including its anterior recesses; upward bowing 


T. Dobrocky and A. Rovira 


Fig. 2.5 Acute communicating hydrocephalus secondary to leptomen- enhanced T1-weighted images (c, d). Observe the ventriculomegaly 
ingeal carcinomatosis in a patient previously diagnosis of breast cancer. associated with periventricular interstitial edema and diffuse leptomen- 
Transverse (a) and coronal (b) T2-FLAIR images and contrast- ingeal enhancement surrounding the brain stem and cerebellum 
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Fig. 2.6 Examples of non-tumoral and tumoral aqueductal stenosis detected on midsagittal MR images. (a) Web; (b) Adhesion; (c) Forking; (d) 


Tectal glioma; (e) Abscess 


of the corpus callosum; and demonstration of CSF circula- 
tion patency inside the ventricular system (Fig. 2.4). 
Normal pressure hydrocephalus (NPH) is characterized 
by the triad of gait disturbance, mental deterioration, and 
urinary incontinence, which are associated with enlarge- 
ment of the ventricular system and normal CSF pressure. 
About 50% of cases with NPH have a known cause (second- 
ary or symptomatic NPH [sNPH]), such as meningitis, sub- 
arachnoid haemorrhage, or cranial trauma, while the 
remaining 50% of cases are idiopathic (NPH), usually pre- 
senting in the seventh decade of life. Typical structural brain 
changes in iNPH have been grouped under the term “dispro- 
portionately enlarged subarachnoid space hydrocephalus” 
(DESH), which refers to the combination of 1/ventriculo- 
megaly (Evans index >0.3); 2/narrow high-convexity and 


medial subarachnoid spaces; and 3/Enlarged Sylvian fis- 
sures (disproportionate distribution of the CSF between the 
inferior and superior subarachnoid spaces). Shinoda et al. 
[47] have proposed the incorporation of two additional 
radiological features (callosal angle and focal sulcal dila- 
tion) [48, 49] to these three components, which in combina- 
tion have a high positive predictive value in relation to 
neurological improvement after surgery (Fig. ). Not 
every patient with possible or probable iNPH will be a can- 
didate for shunt surgery, and the risk to benefit ratio has to 
be assessed on individual bases. Diagnostic test used for 
selecting patients for shunt surgery includes those based on 
surgical invasive procedures (CSF dynamics and intracra- 
nial pressure monitoring) [50, 51], and those based on mor- 
phological or functional MRI studies [52, 53]. 
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Fig. 2.7 Fourth ventricle hydrocephalus. Non-communicating hydro- 
cephalus secondary to inflammatory obstruction of the fourth ventricle 
outlets (trapped fourth ventricle) in patients with history of perinatal 
infection. Sagittal T1-weighted (a) shows marked isolated fourth ven- 
tricle enlargement. The high-resolution 3D CISS images (b) shows thin 
bands that blocked the CSF pathways of the fourth ventricle, including 
foramen of Magendie, and aqueduct (arrows). Non-communicating 


hydrocephalus secondary to obstruction of the fourth ventricle outlets 
in Dandy—Walker malformation. Sagittal T1-weighted (c) shows hypo- 
plasia of the cerebellar vermis and cephalad rotation of the vermian 
remnant, cystic dilatation of the fourth ventricle extending posteriorly 
and enlarged posterior fossa. The high-resolution 3D CISS images (d) 
shows a thin band that blocked the foramina of Magendie (arrow) 
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Fig. 2.8 73-year-old man with a diagnosis of idiopathic normal pres- 
sure hydrocephalus. All components of DESH are clearly visible on this 
coronal Tl-weighted image. Ventriculomegaly (Evans index >0.3); 
high-convexity tightness (arrows); enlarged Sylvian fissures (asterisks); 
reduced callosal angle; and marked dilatation of both temporal horns 
not explained by hippocampal atrophy (arrows) 


2.2.5 Concluding Remarks 


Structural and functional MRI play an essential role for 
understanding the anatomy of the CSF spaces and ventricu- 
lar system, as well as the hydrodynamics of CSF flow. These 
principles are important to the comprehension of the differ- 
ent types of hydrocephalus. Combination of heavily 3D 
T2-weighted sequences such as CISS or FIESTA that offer 
superb anatomical information, and 3D T2-weighted turbo/ 
fast spin-echo sequences such as SPACE, VISTA, or CUBE 
that are highly sensitive to CSF flow, provides an easy evalu- 
ation of CSF pathway and circulation, and allows an accurate 
distinction between non-communicating from communicat- 
ing hydrocephalus and identification of the causative mecha- 
nism of these two types of hydrocephalus. 


Take-Home Messages (3-5) 

e MRI is the imaging modality of choice in the diag- 
nosis and management of hydrocephalus. 

e Conventional MRI sequences associated with high- 
resolution 3D T2-weighted sequences seem to be 
most efficient MRI strategy for assessing CSF path- 
ways and circulation, and consequently in the iden- 
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tification of the causative mechanism of both 
communicating and non-communicating 
hydrocephalus. 


e Presence of disproportionately enlarged subarach- 


noid spaces (DESH) is a useful MRI feature for 
establishing the diagnosis of idiopathic normal 
pressure hydrocephalus. 
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Abstract 


Imaging is a key step in evaluating the acute stroke patient 
in order to establish the correct diagnosis and to facilitate 
fast triage decisions regarding treatment with thromboly- 
sis and endovascular therapy in potentially eligible 
patients. This chapter explores evidence-based guidelines 
for stroke imaging, discusses the role of CT and MRI in 
acute stroke assessment, offers strategies for streamlining 
imaging workflows, and provides insights into identifying 
stroke mimics. 
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e To assess current evidence in treatment of acute 
ischemic stroke. 

e To review the role of multimodal CT and MR imag- 
ing including vessel, collateral and perfusion imag- 
ing in “FAST positive” or “Code stroke” patients. 

e To describe optimal imaging workflows in acute 
stroke. 

e To recognize stroke mimics. 
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3.1 Introduction 

Imaging is a key step in the evaluation of the acute stroke 
patient. While imaging strategies may vary between centers, 
the goal of acute stroke imaging remains the same, estab- 
lishes the correct diagnosis, and facilitates fast triage deci- 
sions regarding treatment with thrombolysis and endovascular 
therapy in potentially eligible patients. Imaging allows eval- 
uation for the following four critical points: 


1. Hemorrhage: Identification of intraparenchymal or sub- 
arachnoid hemorrhage is a key differentiator of hemorrhagic 
from the significantly more common ischemic stroke, both 
of which have widely different management strategies. In 
addition, exclusion of any intracranial hemorrhage is impor- 
tant in determining eligibility for thrombolysis. 

2. Infarction: Identification of any existing infarction, aging 
of same as acute, subacute, or chronic, and determining 
extent of acute infarction is crucial for decision-making 
regarding both intravenous thrombolysis and endovascu- 
lar therapy (EVT). 

3. Arterial occlusion: Identification of any intracranial arterial 
occlusion, including large artery, medium and distal occlu- 
sions, as well as occlusion of carotid or vertebral arteries in 
the neck is critical in determining eligibility for EVT. 

4. Stroke mimics: A wide range of neurological conditions 
can present with similar symptoms to acute stroke at the 
outset and imaging can distinguish between stroke and 
stroke mimics. 


3.2 Imaging in Acute Ischemic 


Stroke—Evidence-Based Guidelines 


Over the years, multiple trials have changed the landscape of 
acute stroke treatment, it is vital that radiologists are familiar 
with these paradigm shifting studies. In 2015, five random- 
ized controlled trials (RCTs) (MR CLEAN, ESCAPE, 
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REVASCAT, SWIFT-PRIME, EXTEND-IA) [1-5] demon- 
strated benefit for EVT over best medical therapy (BMT) in 
patients with large vessel occlusion (LVO) of the anterior cir- 
culation within 6 h from symptom onset or last known well 
(LKW). These patients had moderate to severe stroke deficits 
(National Institutes of Health Score/NIHSS >6), absence of 
widespread established infarction on brain imaging (ASPECT 
score >6 on MRI or CT brain), and occlusion of the carotid 
terminus or proximal middle cerebral artery (MCA) on either 
CTA or MRA. As a result, endovascular thrombectomy 
became standard of care for patients with anterior circulation 
LVO meeting the above criteria [6, 7]. 

In 2018, two additional RCTs, DAWN and DEFUSE 3 [8, 
9], demonstrated benefit of EVT over BMT in a later time 
window up to 24 h from onset/LKW. These late window tri- 
als used advanced stroke imaging techniques for patient 
selection, either CT perfusion (CTP) or MRI, and included 
evaluation of core infarct volume with automated post- 
processing software (RAPID, iSchemaView). The DAWN 
trial used clinical-core mismatch as a selection criterion 
between 6 and 24 h from symptom onset, with variable core 
volume allowed up to a limit of 51 mL depending on age and 
severity of stroke symptoms. The DEFUSE 3 trial allowed 
core volume up to 70 mL for patients from 6 to 16 h from 
symptom onset, with mismatch ratio >1.8, and mismatch 
volume >15 mL. These trials provided level 1a evidence for 
the benefit of EVT in the late time window and changed 
stroke guidelines, with new recommendations for imaging as 
well as treatment in delayed time windows [6, 7]. As per 
guidelines, in adult patients with anterior circulation LVO 
presenting up to 6 h from onset/LKW, advanced imaging is 
not necessary for patient selection. However, in patients pre- 
senting from 6 to 24 h, advanced imaging with either CT per- 
fusion, diffusion weighted MRI (DW-MRI), or MR perfusion 
(MRP) is necessary. 

Also using advanced imaging techniques, two major trials 
provided evidence for use of extended window IV throm- 
bolysis beyond 4.5 h. Published in 2018, the WAKE-UP trial 
[10] randomized IV thrombolysis eligible patients who 
either awoke with stroke symptoms or had unclear time of 
onset >4.5 h from LKW. Imaging criteria required mismatch 
between MR-DWI and fluid-attenuated inversion recovery 
(FLAIR). The trial demonstrated benefit of IV tPA over pla- 
cebo in patients with wake up or unknown time of onset 
stroke, and for whom EVT was not performed. Exclusion 
criteria included DW-MRI lesions larger than one-third of 
the MCA territory. Published in 2019, the EXTEND trial 
[11] evaluated use of IV thrombolysis in patients presenting 
4.5-9 h from known stroke onset time, or after awakening 
with stroke if within 9 h from the midpoint of sleep. Advanced 
imaging with CTP or MRP was required for patient selec- 
tion. Inclusion criteria included core infarct volume <70 mL 
and mismatch ratio of >1.2. The study showed better out- 
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comes for IV tPA versus placebo. Guidelines for the use of 
IV thrombolysis in extended time window are now published 
[6, 12], with recommendations for advanced imaging tech- 
niques to be used in patient selection. 

While EVT is performed for posterior circulation LVO, 
high level evidence has been lacking. Two recent RCTs have 
however shown positive results for EVT in basilar occlusion. 
The BAOCHE trial [13] randomized basilar occlusion 
patients presenting 6-24 h from onset, with NIHSS >6, and 
imaging-based inclusion criteria of posterior circulation 
ASPECTS score (PC-ASPECTS) of >6 and pons midbrain 
index score of <2. The ATTENTION trial [14] randomized 
patients with basilar occlusion presenting within 12 h of 
onset, with NIHSS >10 and PC-ASPECTS 36. It is likely 
that the benefit of EVT in basilar occlusion demonstrated in 
these trials will result in updates to the guidelines. Given that 
both trials included imaging-based selection criteria, the use 
of a scoring system for acute infarct burden such as 
PC-ASPECTS may well be incorporated into guideline 
recommendations. 

Most recently, the “large core” trials have garnered sig- 
nificant attention to expand EVT in patients with a large 
burden of acute infarction. The recent publication of three 
RCTs has however given level | evidence that EVT can 
improve functional outcome over BMT, with all three trials 
showing positive effect, even in these severe strokes. 
RESCUE-Japan LIMIT [15], published in 2022, used pre- 
dominantly MRI for triage, and included patients with 
ASPECT score 3-5, carotid terminus or first segment of 
MCA occlusion (M1), and presenting within 6 h from last 
known well or within 24 h if there was no early change on 
FLAIR. In the SELECT2 trial [16], published in 2023, 
patients had an ICA or M1 occlusion, presented within 24 h 
of onset, and had large ischemic core volume defined as 
ASPECT score 3-5 or a core volume of at least 50 mL on 
CT perfusion or DW-MRI. CT was used for triage in the 
majority. Published at the same time as SELECT2, the 
ANGEL-ASPECT trial [17] included patients within 24 h of 
stroke onset, with intracranial ICA or M1 occlusion. 
Imaging selection criteria included ASPECT score 3-5 on 
non-contrast CT with no limitation of infarct-core volume, 
but also ASPECT score 0-2 with infarct-core volume 
between 70 and 100 mL. The majority of included patients 
(85%) had an ASPECT score of 3—5. Together these 3 trials 
provide evidence that EVT in large core strokes with ante- 
rior circulation LVO is safe and more effective than BMT 
alone. Results from additional large core trials including 
LASTE (NCT03811769), TESLA (NCT03805308), and 
TENSION (NCT03094715) are pending. As of this writing, 
there are no current recommendations in the European and 
North American guidelines for mechanical thrombectomy 
in large cores. However, it is reasonable to anticipate future 
guidelines to incorporate this new evidence. 
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3.3 Imaging Paradigm 

CT is often the workhorse for emergency stroke evaluation 
due to its speed, availability, fewer contraindications, lower 
cost, and ease of interpretation, despite MRI’s higher 
sensitivity for early ischemic changes and specific infarct 
types. MRI imaging times are longer and safety screening 
can be challenging in the acute stroke situation. Regardless 
of the modality chosen, a streamlined imaging protocol is 
essential for effective stroke triage, as discussed in later 
sections. 


3.4 CT: Protocols, Findings, and Pitfalls 

A CT-based protocol for acute stroke triage should include a 
non-contrast CT head (NCCT), CT angiogram (CTA) of both 
brain and neck vessels, and if available, the option of per- 
forming CT perfusion (CTP). 


3.4.1 Non-contrast CT Head Imaging 
A NCCT head should be performed as the first study to allow 
exclusion of hemorrhage and facilitate decision-making 
regarding intravenous thrombolysis in eligible patients. 
Findings of early infarction on CT include loss of gray white 
matter differentiation, low attenuation change, and sulcal 
effacement. In carotid terminus and M1 segment occlusions, 
the earliest change is frequently seen in the basal ganglia and 
insula due to lack of collateralization in lenticulostriate per- 
forator territories. However, NCCT can be limited in identi- 
fication of very early infarcts, and particularly in setting of 
extensive small vessel disease and older infarcts. 

The Alberta stroke program early CT score (ASPECTS) is 
a widely used scoring system developed to allow objective 
analysis of the extent of acute infarction in the MCA territory. 
The MCA territory is segmented into 10 regions: caudate, 
lentiform, internal capsule, insula, and cortical zones M1— 
M6. Zones M1—M3 lie at the basal ganglia level, extending 
anteroposteriorly, while zones M4—M6 are supra-ganglionic 
and also extend from anterior to posterior. One point is 
deducted from the original score of 10 for every region 
involved by acute infarction. Many of the major RCTs pro- 
viding evidence for the benefit of EVT included ASPECTS as 
a selection criterion. Higher ASPECT scores are associated 
with better outcomes following stroke treatment. While the 
scoring system is objective, there is poor inter-observer reli- 
ability and use is limited to MCA territory. The integration of 
AI in stroke imaging has expanded the capabilities of auto- 
mated ASPECTS analysis. While these tools are designed to 
augment, not replace, radiologists, they enhance inter-rater 
agreement and boost non-expert performance. 
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A variation of the ASPECT scoring system has been 
developed for the posterior circulation, PC-ASPECTS. This 
is also a 10-point scoring system, with points lost for each 
region affected. Due to the high morbidity associated with 
brainstem infarction, the score is weighted to a degree for 
same with pons and midbrain both assigned 2 points each. 
Other zones include thalami (1 point each), occipital lobes (1 
point each), and cerebellar hemispheres (1 point each). A 
limitation is the relative lack of sensitivity for CT identifica- 
tion of early brainstem infarction. 

NCCT can also help identify site of occlusion, as intra- 
arterial thrombus may appear hyperdense depending on its 
composition. As well as identifying linear hyperdensity in a 
proximal artery such as the M1 (hyperdense artery sign), it is 
helpful to evaluate more distally in the sylvian fissure for a 
hyperdense “dot” sign which can indicate an M2 occlusion. 
Other locations of potential hyperdense thrombus include 
anterior interhemispheric fissure for an anterior cerebral 
occlusion, prepontine cistern for basilar thrombus, or ambi- 
ent cistern for posterior cerebral artery occlusion. 


3.4.2 CT Angiogram 


CTA is quick and highly accurate in identification of LVO. It 
should be performed from the level of the aortic arch through 
to vertex, allowing evaluation of extracranial carotid and ver- 
tebral arteries for occlusion, stenosis, or dissection which 
may impact on interventional techniques used and patient 
outcome. If an extracranial arterial occlusion or stenosis is of 
an artery in the same territory as the intracranial occlusion, it 
is termed a tandem lesion. 

The term LVO refers to occlusion of the carotid terminus 
(carotid T), first segment of MCA (M1), intracranial verte- 
bral artery, and basilar artery, and all of these must be scruti- 
nized for patency. There is debate in the literature as to 
whether occlusion of the second segment of the middle cere- 
bral artery (M2) is a large or medium vessel occlusion 
(MeVO), particularly given that occlusion of a proximal 
dominant M2 segment, or more than one proximal M2 seg- 
ment can behave as an M1 like occlusion in terms of volume 
of territory at risk of infarction and clinical severity of stroke 
syndrome. While evidence from RCTs for treatment of M2 
occlusion is still lacking, there are many observational stud- 
ies providing supportive evidence that EVT in M2 occlu- 
sions is beneficial and safe [18]. Treatment approaches for 
symptomatic MeVO (Medium Vessel Occlusions) vary 
across institutions, some following standard protocols 
despite limited evidence, while others opt for case-by-case 
decisions. Ongoing RCTs like ESCAPE-MeVO 
(NCT05151172) and DISTALS (NCT05152524) aim to 
establish the efficacy of thrombectomy in MeVO and more 
distal occlusions. 
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Fig. 3.1 A 77-year-old lady, wake-up stroke, over 12 h from LKW 
with NIHSS 15. Automated eASPECTS analysis from Brainomix soft- 
ware (a), and source images (b) ASPECTS 8 with infarction in caudate 
and lentiform nuclei. Hyperdense right distal M1 segment (c) which 
reflects thrombus and corresponds to site of occlusion on CTA (d). 
Moderate collateral filling on phase 1 (not shown) but good collaterals 
on phase 2 images with branches filling back to proximal M2 level at 
distal end of thrombus (d, e). Perfusion analysis (f) using RAPIDAI 


As a radiologist, it is important to have a strategy to iden- 
tify medium and distal occlusions on CTA. The use of thin 
slice imaging (1 mm or less), multiplanar reconstruction, and 
maximal intensity projection (MIP) images with a slice 
thickness of 6-10 mm can all aid in the detection of these 
occlusions. For example, the sagittal plane is particularly 
useful for identifying medium and distal M2 occlusions, 
ACA occlusions, and PCA P2—P3 occlusions, and coronals 
are useful for proximal M2, proximal ACA and PCA 
occlusions. 

CTA also provides vital insights into collateral pathways, 
either antegrade via the Circle of Willis (COW) or retrograde 
through leptomeningeal collaterals. For example, in ICA 
occlusion below the carotid terminus, collateral supply can 
come from the anterior communicating artery; if the occlu- 
sion is below the posterior communicating artery, it adds 
another route. However, in M1 or carotid T occlusions, ante- 
grade COW collateralization is unavailable; any collateral 
supply must be retrograde, typically via leptomeningeal col- 
laterals from ipsilateral ACA or PCA territory. 

Numerous studies have shown that good leptomeningeal 
collateral supply confers benefit in stroke as it sustains brain 
tissue in the occluded vascular territory for a longer time 
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software shows small core infarct (purple shading) large territory at risk 
(green shading), therefore large penumbra with large mismatch ratio 
17.3. Technically, adequate CTP study with contrast bolus demonstrat- 
ing sharp rise and fall in attenuation with clear return to baseline on 
arterial and venous time density curves (g). Location for arterial ROI (h, 
red dot) is correct, usually the ICA terminus, proximal MCA, and ACA 
are appropriate. The blue dot (i) represents the location of venous ROI; 
superior sagittal sinus or torcula are commonly used sites 


with slower infarct growth (slow progressors), smaller final 
infarct volumes, and improved patient outcomes. Poor col- 
lateralization is associated with earlier infarction (fast pro- 
gressors), larger infarcts, higher rates of hemorrhage, and 
poor outcomes [19, 20]. While there is no consensus on the 
type of grading scale, most are restricted to the MCA terri- 
tory and vary from 2-point (good vs bad) to 5-point scales. 
The method is usually to compare the extent of arterial 
opacification in the occluded territory to the contralateral 
side, with degree of filling expressed as a fraction or percent- 
age. For instance, <50% filling is considered poor, 50-75% 
moderate, and >75% good. Utilizing thick section MIP 
images in an axial plane facilitates rapid evaluation of col- 
lateral supply (Fig. 3.1). 

A pitfall of single-phase CTA is the lack of temporal reso- 
lution, which can underscore collateral supply, particularly 
in cases of poor cardiac output or proximal stenosis. 
Multiphase CTA with initial arterial phase from arch to ver- 
tex, delayed intracranial early venous, and later venous 
phases can resolve this issue by enabling temporal evaluation 
of collaterals. More comprehensive grading systems have 
been developed to facilitate interpretation with evaluation of 
degree of filling of the occluded territory as well as delay 
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A Source images 


Fig. 3.2 CTA pitfall: false patency of vessel. A 55-year-old female, 
code stroke, transferred from outside hospital. NCCT in outside institu- 
tion demonstrates hyperdense M2 (a), however this was not available 


across phases [21]. The multiphase evaluation of collaterals 
can be a valuable tool in triage of LVO patients for thrombec- 
tomy, and together with NCCT ASPECTS was the selection 
criteria in the ESCAPE trial [2]. Multiphase CTA can also 
provide better depiction of the medium and distal vessel 
occlusions. Many of the stroke AI solutions include analysis 
and scoring of collateral supply in MCA territory, as well as 
automated LVO detection. 

Another pitfall of single-phase CTA is pseudo-occlusion, 
most commonly seen in ICA or vertebral. This occurs with 
either a severe proximal stenosis or distal occlusion, where a 
slow flow situation arises with progressively poor contrast 
opacification of the artery distally giving a “false occlusion” 
sign, and can overestimate the length of thrombus. Most 
commonly seen with carotid T occlusion, where the more 
proximal intracranial and often much of the cervical segment 
of ICA are not opacified by contrast on a single-phase study, 
recognition of pseudo-occlusion is important as occlusion 
length is an important determinant of the efficacy and com- 
plication rates of mechanical thrombectomy [22]. Multiphase 
CTA can overcome this pitfall. 

A less common CTA pitfall is the false patency sign, 
where a particularly hyperdense thrombus can appear 
isodense to the contrast filled artery, and can be mistaken for 
contrast opacification of the vessel (Fig. 3.2). Identification 
of hyperdense thrombus on NCCT is crucial to avoid this 
pitfall, while widening window settings and levels can also 
help. A similar problem can be encountered with calcified 
vessels and can be overcome in the same way. 
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CTA MIP 


during CTA interpretation. The CTA interpretation overlooked the ves- 
sel occlusion as it appears falsely patent (b, c). On careful review, there 
is slightly reduced attenuation on CTA compared to the other vessels (c) 


Key Points: Review CTA Comprehensively to Assess For 

e Large vessel occlusion. 

e Medium or distal vessel occlusion. 

e Extracranial circulation including dissection, 
plaque, carotid web. 

e Access issues such as tortuosity, carotid disease, 
aneurysms. 

e Collateral circulation. 


3.4.3 CT Perfusion 


CTP is now increasingly incorporated into imaging proto- 
cols and allows evaluation of the volume of already infarcted 
tissue (ischemic core) and volume of tissue that is at risk due 
to hypoperfusion but not yet irreversibly infarcted (penum- 
bra). It is performed by sequentially imaging a defined sec- 
tion of tissue after administration of a high-flow bolus of 
iodinated contrast material. Images are then postprocessed 
using either semi-automated or increasingly fully automated 
software that utilizes deconvolution algorithms to create per- 
fusion maps, including cerebral blood flow (CBF), cerebral 
blood volume (CBV), mean transit time (MTT), time to peak 
(TTP), and time to maximum residue (Tmax). 

Many of the AI software solutions include automated 
post-processing of perfusion data. Generally, reduced CBF 
<30% of contralateral side is the parameter used to reflect 
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Fig. 3.3 Ghost core. A 76-year-old male, imaging including CTP at 
55 min from witnessed stroke onset. No acute infarct on NCCT (a). Left 
M1 occlusion on CTA with poor collaterals on phase | (b), delayed col- 
lateral filling on phase 3 (c). CTP shows large volume of CBF <30%, 
suggesting large core infarct (d). Digital subtraction angiogram shows 


ischemic core volume. The threshold of Tmax >6 s is the 
most commonly used to reflect critically hypoperfused terri- 
tory at risk of infarction. Subtraction of core volume from 
volume of Tmax >6 s gives penumbra volume. Most soft- 
ware solutions will display a color-coded summary map 
which provides quantification of core, Tmax >6 s, mismatch 
and a mismatch ratio (Fig. 3.1). Additional variable thresholds 
of Tmax as well as CBF are also frequently provided. Further 
calculations such as the hypoperfusion index ratio (Tmax 
>10 s volume divided by Tmax >6 s volume) can be per- 
formed by automated software. Hypoperfusion index ratio 
(HIR) can be used to distinguish slow from fast progressors, 
with higher values in fast progressors, and is a good surro- 
gate of tissue collaterals. 

It is important to recognize the multiple pitfalls to auto- 
mated CT perfusion [23]. There is inherent variation in out- 
puts between different software solutions which can result in 
different calculations of core volume, territory at risk, pen- 
umbra, and mismatch ratio. The variation between different 
software is usually however not to the extent that it impacts 
decision-making. An exception can be in analysis of more 
distal occlusions, where the volumes of rCBF <30% and 
Tmax >6 s are inherently smaller and even minor variations 
have a greater impact on mismatch ratio calculation. 
Secondly, the CBF <30% threshold is not always an accurate 
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left M1 occlusion (e), complete recanalization on frontal (f) and lateral 
(g) view after single pass aspiration thrombectomy. No infarction on 
NCCT at 24 h (h), a delayed MRI 6 months later also shows no evi- 
dence of established infarction on FLAIR (i), confirming overestima- 
tion of core by CTP in this very early time window 


reflection of ischemic core. This is particularly the case for 
very early presenters, in particular those presenting within 
90 min from onset/LSW, where the ischemic core can be 
overestimated, i.e., ghost core (Fig. 3.3). The additional CBF 
thresholds can be helpful in this scenario, with recommenda- 
tion to use CBF <20% threshold in ultra-early windows. 
Overestimation of core infarct can lead to incorrect exclu- 
sion of patients from EVT, potentially missing an opportu- 
nity for effective treatment. Poor cardiac output can result in 
significant delay in arrival of contrast bolus to intracranial 
vessels, with potential truncation of time density attenuation 
curves, and inaccuracy of generated perfusion maps. In addi- 
tion, a chronic carotid occlusion/stenosis can result in a false 
positive penumbra (Fig. 3.4), while a proximal carotid steno- 
sis can overestimate territory at risk. Use of additional Tmax 
threshold maps and close correlation with CTA findings aids 
interpretation in these circumstances. 

It is important to check technical adequacy of a CTP 
before interpretation or decision-making (Fig. 3.1). The arte- 
rial input function (AIF) and venous output function (VOF) 
time density curves should always be inspected as part of the 
technical checklist of CTP interpretation to ensure they have 
returned to baseline. Further technical pitfalls include incor- 
rect arterial input and venous output selections, motion arti- 
fact, poor signal to noise ratio if contrast bolus is poor, and 
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Fig. 3.4 CTP in chronic stenosis false positive penumbra: a 70-year-old male with a known chronic severe stenosis in right ICA (a) demonstrates 
a corresponding perfusion abnormality in the right cerebral hemisphere (b, c), particularly highlighted with Tmax >4 s (c) 


limitation with many CT scanners to perform limited cover- 
age perfusion rather than whole brain coverage perfusion. 
Despite the above pitfalls, CTP remains key in acute isch- 
emic stroke evaluation, but its role in LVO thrombectomy 
may change based on upcoming large core infarct trial out- 
comes. Its importance is growing for detecting at risk 
medium and distal occlusions, often missed on CTA. 


Key Points 

e Itis important to recognize technical and diagnostic 
pitfalls of an automated CTP. 

e Technical pitfalls include truncated time density 
curve, incorrect selection of arterial or venous input 
and patient motion. 

e Diagnostic pitfalls include under or overestimation 
of ischemic core or penumbra. 


3.5 MRI: Protocols, Findings, Pitfalls, 


and Example Cases 


An MRI-based paradigm for acute stroke imaging has advan- 
tages and disadvantages. A typical protocol for MRI in acute 
stroke is outlined in Table. 

A distinct advantage of MRI is the increased sensitivity 
of DWI in detection of acute infarcts, particularly impor- 


tant in posterior circulation strokes. MRI also meets the 
criteria of advanced imaging selection in late window 
patients. Further advantages include the lack of ionizing 
radiation and ability to perform imaging without use of a 
contrast agent if needed. The use of MRI for triage may 
however result in less patients receiving thrombectomy 
due to detection of greater extent of acute ischemia on 
DWI [24]. Additional MRI pitfall is the potential revers- 
ibility of DWI lesions early in the course of stroke. Several 
studies have reported partial reversal of DWI after acute 
reperfusion treatment, with improved outcomes. Complete 
reperfusion and shorter imaging time to recanalization 
have been shown to be independently associated with 
DWI reversal among patients with LVO who received 
EVT [25]. 

Disadvantages include potential limited MR availabil- 
ity, and need for patient safety screening prior to scan- 
ning, both of which have been identified as a significant 
source of delay to imaging acquisition [26]. Another 
potential disadvantage can be longer imaging times, 
although MRI fast protocols, can be implemented in time 
frames as little as 6 min [27]. In MRI, as in CT, perfusion 
analysis automated software that allows fast post-process- 
ing is essential to prevent delay in decision-making. 
Decision-making with MRI for acute stroke includes eval- 
uation for LVO, clinical diffusion mismatch (CDM), 
FLAIR diffusion mismatch (FDM) (Fig. 3.5), or perfusion 
diffusion mismatch (PDM). 
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Fig. 3.5 DWI-FLAIR mismatch: a 63-year-old female presented with 
wake-up stroke. The initial CT workup was negative for early ischemia 
or vessel occlusion. MRI shows a DWI-FLAIR mismatch in the right 


Key Points: MRI Protocol 
« DWI Acute infarcts demonstrate true diffusion 
restriction with high signal on B1000 
images, and low signal on apparent 
diffusion coefficient (ADC), visible within 
20 min of stroke onset 

Acute infarcts appear hyperintense, may 
take up to 6 h, and indicator of irreversible 
changes 

Time of flight (TOF) technique, or 
contrast-enhanced MRA, requires imaging 
of COW as minimum, ideally include neck 
vessels 


¢ FLAIR 


« MR 
angiogram 


e GRE/SWI Evaluate for presence of acute or old 
hemorrhage, evaluate for blooming sign 
indicating intra-arterial thrombus similar to 
hyperdense sign on CT 

Optional, if advanced imaging desirable or 
required 

Optional, preferential for evaluation of 
posterior fossa 


e MRP 


e T2 weighted 


3.6 Approach to Interpreting “Code 


Stroke” Imaging 


Regardless of imaging paradigm used, timely interpretation 
in the FAST positive/code stroke patient is crucial, whether 
done on the scanner console, PACS workstation or via AI for 
immediate triage and treatment decisions. While immediate 
questions like excluding hemorrhage and identifying LVO 
need quick answers, imaging must however also be thor- 


post central gyrus. It is important not to heavily window the FLAIR 
sequences to look for subtle signal changes. A remote infarct is identi- 
fied in the left post central gyrus 


oughly reviewed for additional and unexpected findings. 
Mirroring major trauma analogy, imaging interpretation in 
acute stroke is a two-tiered approach—a fast initial primary 
survey allowing rapid triage to treatment, followed by a less 
time pressured secondary definitive survey. 


Key Points 

e Primary imaging survey 

e Hemorrhage: present or not 

e Acute infarction: present or not, location, extent, 
ASPECTS 

e Arterial occlusion: 
sites 

e Proximal stenosis: significant or not 

e Collateral status: good or bad 

e Perfusion defect: core volume, mismatch present or 
not 

e Secondary imaging survey 

e Identify additional infarcts including subacute, 
chronic, and non-MCA territory 

e Additional brain findings—e.g., 
disease 

e Collateral scoring 

e Additional arterial occlusions, same vascular terri- 
tory, different vascular territory 

e Atherosclerotic disease, associated stenosis, and 
degree of same if present 

e Consider mechanism of stroke and secondary pre- 
vention including artery to artery embolus, cardio- 


intracranial and extracranial 


small vessel 
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embolic, soft plaque, carotid web, thrombus in 
aortic arch or in a vessel proximal to occlusion 

e Additional or unexpected perfusion findings, e.g., 
hyperemia 

e Consider additional differentials and stroke mimics 

e Incidental findings 


3.7 Optimizing Imaging Workflow 


in Acute Stroke 


The ability to do late window thrombectomy up to 24 h from 
onset/LKW does not negate the need to be fast. From the 
HERMES collaboration [28] for every 9-min delay in onset to 
reperfusion, one of every 100 patients will have greater func- 
tional disability at 90 days. There is an inverse relationship 
between in-hospital treatment speeds and functional indepen- 
dence, with reducing rate of good outcome as “door to reperfu- 
sion” time increases. Hence, it is critical to establish time efficient 
imaging workflow in order to reduce key time indicators such as 
“door to imaging,” “door to needle,” “door to puncture,” and ulti- 
mately “door to reperfusion” time. The radiology department is 
the cornerstone of stroke workflow, and it is important for radi- 
ologists to work on optimizing workflow together with imaging 
technologists, the stroke team, and neurointerventional team. 
Below are pointers to allow optimization of workflow. 


e A pre-alert from EMS to ER, stroke, and imaging teams 
via a single paging system enables immediate action. On 
arrival, the patient is met by the stroke team and directly 
taken to CT/MRI. 

e Parenchymal imaging, e.g., NCCT, performed first to 
allow triage to IV thrombolysis if eligible. Further angio- 
graphic and perfusion imaging should not delay 
administration of thrombolysis which can be given while 
the patient is in the CT or MRI scanner. 

e Itis not necessary to delay iodinated contrast administra- 
tion to check renal function. 

e A radiologist should be on standby to review images as 
patients are scanned, either at the scanner console or a 
PACS workstation. Automated sending to PACS should 
be set up, ensuring NCCT or DW-MRI is ready for review 
as angiograms or perfusion studies are underway. 

e AI software solutions with automated ASPECTS, LVO, 
and perfusion can be very helpful in streamlining work- 
flow, with demonstrated positive impact on key time indi- 
cators [29]. Output from most AI software solutions can 
be viewed on hand-held devices with option for notifica- 
tions to alert the team and text communication within the 
team. The current and new generation of radiologists will 
have to adapt the use of AI in imaging workflow. 
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3.8 Stroke Mimics 

Almost one-third cases of new focal neurological deficits can 
be stroke mimics [30]. It is important to identify stroke mim- 
ics and differentiate from true strokes to avoid inappropriate 
treatment. MRI has inherent advantages over CT to identify 
mimics. The more common stroke mimics include seizures, 
migraines, posterior reversible encephalopathy syndrome, 
venous thrombosis, and brain tumors. 


3.8.1 Seizures 

The most frequent stroke mimic is seizures with Todd’s 
paralysis, paresis, or aphasia. The MRI changes are vari- 
able, ranging from focal, multifocal, hemispheric, or a dif- 
fuse cortical pattern of diffusion hyperintensity with 
variable ADC levels. Perfusion abnormalities can range 
from hyperperfusion in ictal phase to hypoperfusion or 
normal perfusion in the postictal phase. These shifts are 
due to neuronal activation or inhibition, respectively. 
Unlike strokes, seizure-related perfusion changes are not 
confined to a vascular territory, serving as a key clue. 
Additional distinguishing features of seizures include 
gyral or leptomeningeal enhancement, and absence of ves- 
sel occlusion. 


3.8.2 Migraines 


Migraine aura without headache can commonly present as a 
stroke mimic. MR imaging is usually normal, however in a 
few cases may show reversible restricted diffusion. The dif- 
ferentiating features include prior history of migraine, a non- 
vascular distribution, and lack of LVO. Perfusion 
abnormalities are variable with hypoperfusion in acute onset 
aura and normal or hyperperfusion in prolonged episodes. 
However, the perfusion abnormality does not usually corre- 
spond to a defined vascular territory and can span multiple 
vascular territories. 


3.8.3 Posterior Reversible Encephalopathy 
Syndrome (PRES) 


An acute onset neurological syndrome with vasogenic edema 
due to loss of auto-regulation and capillary leakage can 
mimic acute or subacute stroke. The PRES lesions are usu- 
ally cortical/subcortical with hyperintensity on T2/FLAIR 
with predilection for parietooccipital lobes and a relatively 
symmetric pattern. Approximately 10-25% of cases can 
show restricted diffusion and around 15% have associated 
parenchymal hemorrhage. 
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Fig. 3.6 Stroke mimic: bilateral venous infarctions with hemorrhages on NCCT (a, b). Given the distribution, the possibility of venous thrombosis 
of superior sagittal sinus needs to be considered. The MR venogram shows a filling defect in the superior sagittal sinus (c) 


3.8.4 Venous Thrombosis 


Both a vasogenic and cytotoxic edema may be present with 
resultant variable diffusion restriction on DWI. Usually, 
edema due to venous thrombosis is easy to identify given the 
lack of arterial territorial distribution, with location of edema 
dependent on the location of the venous thrombus. T2-GRE 
with its susceptibility artifact can show abnormal hypointen- 
sity and blooming of the venous thrombus. Imaging may 
demonstrate a flame-shaped hemorrhage due to venous 
infarction (Fig. 3.6). 


3.8.5 Tumors 


Brain tumors can mimic code strokes by causing new neuro- 
logical deficits, requiring prompt differentiation to avoid 
treatment delays. Small, cortical tumors in an arterial terri- 
tory can be mistaken for infarcts on the initial imaging. 
Depending on the cellularity and grade, tumors have variable 
diffusion hyperintensity and contrast enhancement. Perfusion 
imaging may be helpful; cerebral blood volume (CBV) in 
tumors is generally high in tumors but low in acute infarcts. 

Additional conditions mimicking stroke include toxic and 
metabolic etiologies, conversion disorder, infection, periph- 
eral vertigo, syncope, transient global amnesia, and subdural 
hematoma. 


3.9 Concluding Remarks 

Efficient, rapid stroke imaging is essential for optimal tri- 
age of the acute ischemic stroke patient. The use of artifi- 
cial intelligence with automated ASPECT score calculation, 


automated LVO detection, and automated post-processing 
of perfusion data is becoming increasingly more wide- 
spread. The boundaries of acute stroke treatment continue 
to expand with lengthening of treatment windows, and 
EVT in large core as well as distal occlusions. The evolving 
landscape of stroke imaging and treatment reinforces the 
radiologist’s vital role in translating these changes into 
practice. 


Take-Home Messages 

e Rapidly identify acute infarct, vessel occlusions, 
and perfusion defects in acute ischemic stroke. 

e Optimize imaging workflows. 

e Differentiate true strokes from stroke mimics. 
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Abstract 


In the past, before 2016, brain tumors were classified into 
several types, and their respective grades based largely on 
histology. While this allowed for categorization of tumors, 
the grading did not always correlate with overall survival. 
At the same time, neuro-oncology research work demon- 
strated that tumoral molecular genetics allowed for a bet- 
ter correlation with overall survival. This led to the 
Revised 2016 WHO classification of brain tumors, which 
for the first time in neuro-pathology saw the incorporation 
of mutation profiles applied to classification of brain 
tumors. Continued development in the field of neuro- 
oncology meant better categorization of previously 
described tumors, and the description of newer tumors. 
This led to another update, the 2021 classification of brain 
tumors. This chapter provides an overview of these 
revised brain tumor classification systems, and discusses 
the imaging profiles of certain select yet important tumor 
types in detail. 
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Learning Objectives 

e To familiarize radiologists with the revised classifi- 
cation of CNS tumors in terms of certain important 
mutation profiles including IDH mutation, 1p/19q- 
codeletion status, TP53 mutation, BRAF mutation, 
and H3K27M-mutation, and their influence on 
improving diagnostic accuracy, treatment strate- 
gies, and overall survival. 

e To provide an overview of the imaging phenotypes 
for the different glioma genotypes. 


4.1 introduction 

The World Health Organization (WHO) Classification of 
Tumors of central nervous system (CNS) provided an update in 
2016 nearly 10 years after the 2007 version to help more sys- 
tematically categorize brain tumors. The revised system for the 
first time uniquely included molecular and genetic parameters 
of the individual tumor types, in addition to the always incorpo- 
rated histological features. Accordingly, each tumor is now 
identified by both its phenotype (based on histology) and geno- 
type (based on its molecular and genetic parameters) [1]. 
Subsequently, another update was published in 2021 as the fifth 
edition of the WHO Classification of tumors of the central ner- 
vous system [2]. This focused on further advancing the role of 
molecular profiling in CNS tumor classification. Also, it 
emphasized the importance of integrated diagnosis and layered 
reports. New tumor types and subtypes have been introduced. 


4.2 Goals of the Revised Classification 
The goals are multi-fold: 


1. To resolve some of the confusion created by classifying 
brain tumors based only on histology 
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2. Provide greater diagnostic accuracy. 

. Aid better treatment strategies. 

4. Allow for an improved assessment of the prognosis based 
on the specific tumor type. 


Ww 


4.3 Background 

A classic example of uncertainty created in the past where 
tumors were classified based only on histology included the 
group “oligoastrocytoma.” These were tumors which 
exhibited features of both oligodendroglioma and astrocy- 
toma on histology and were therefore lumped together as 
oligoastrocytomas [3-5]. Accordingly, their management 
was not definitive which in turn influenced their prognosis. 
Categorizing this tumor group based on the underlying 
1p/19q codeletion (genetic mutation) status, allows them to 
be clearly distinguished almost always into either (1p/19q- 
codeleted) oligodendroglioma or (1p-19q-intact) astrocy- 
toma [6-8]. Only a few tumors cannot be categorized into 
either group and are known as oligoastrocytoma, NOS (not 
otherwise specified) [1, 2, 9-11]. This clear distinction 
allows more accurate diagnosis, which therefore influences 
more appropriate tumor specific treatment strategies, and a 
better sense for the overall prognosis. Another perplexing 
prognostic feature was noted in terms of the overall sur- 
vival of certain grade | low grade gliomas, which surpris- 
ingly despite their lower grade performed much worse than 
grade 3 astrocytomas. This can now be explained based on 
their IDH mutation status, with IDH-wildtype grade 1 glio- 
mas performing much poorer than IDH-mutant grade 3 
astrocytomas [6, 7]. Thus, it is the mutation status which 
influences the overall prognosis much more than the 
histology. 

Utilizing the background above, the discussion below will 
mention the salient features of how the revised WHO classi- 
fication system better classifies infiltrating gliomas in adults, 
gliomas in children, and certain new tumor types. Please 
note that a description of all CNS tumor types included in the 
revised 2016 and 2021 classifications of CNS tumors is 
beyond the scope of this text. 


4.4 Infiltrating Gliomas in Adults 
Several mutations have been described associated with infil- 
trating gliomas in adults. Of these, some of the important 
ones include IDH mutation, 1p-19q codeletion, and TP53 
mutation status [12]. 

The primary deterministic mutation includes the IDH 
mutation status—presence suggests [DH-mutant, and absent 
an IDH-wildtype tumor [12, 13]. 
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4.5 IDH-Mutant Gliomas 

There are 2 types of IDH mutation, IDH1 and IDH2 mutated 
tumors. Most tumors are IDH1 mutated. Hence when a 
tumor is considered as [DH-mutated, it is the IDH1 status 
which is considered. Less than 3% of IDH-mutated tumors 
and exclusively IDH2 mutant tumors [13, 14]. 


4.5.1 Clinical Relevance and Prognosis 
IDH-mutant tumors are seen more commonly in the middle- 
aged population (30-60 years of age), than IDH-wildtype 
tumors which are more frequently seen in the older popula- 
tion (>60-65 years of age). The overall survival of IDH- 
mutant tumors is far better than IDH-wild type tumors. In 
fact, as mentioned previously low grade (grade 1 by histol- 
ogy), IDH-wild type gliomas have an overall survival close 
to that of grade 4 IDH-wildtype glioblastomas, but much 
worse than grade IN IDH-mutant gliomas. It is the IDH 
mutation status which is the driving force in terms of overall 
prognosis, much more than the histological grade. 
Furthermore, even among the grade 4 glioblastomas, it has 
been noted that IDH-mutant glioblastomas have an overall 
survival much better than IDH-wildtype glioblastomas. 
Supporting this is the fact that most IDH-mutant glioblasto- 
mas are the secondary type, while most IDH-wildtype glio- 
blastomas are the de novo or primary type [15]. 

It is a known fact in glioma surgery that the wider the 
resection the better is the overall survival. Knowing preop- 
eratively that the tumor is an IDH-mutant type can influence 
the surgeon to go for a more complete surgical resection, 
including the FLAIR signal abnormality surrounding the 
enhancing mass, especially if the margins of the FLAIR sig- 
nal abnormality extend into a non-eloquent region of the 
brain [16]. 


Key Points 

e JDH-mutant tumors, seen more commonly in the 
middle-aged population (third to sixth decade of 
life), have a far better overall survival than IDH- 
wildtype tumors, which are seen more commonly in 
the older patients (>60-65 years of age). 


4.5.2 Radiological Features 


Both IDH1 and IDH2 mutations change the role of IDH in the 
citric acid cycle. This results in accumulation of 2-HG within 
tumor cells. *2-Hydroxyglutarate (2-HG) can be detected on 
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MR spectroscopy and is therefore considered to be the imag- 
ing hallmark of all IDH-mutant tumors [17]. However, reliable 
detection is challenging and is possible only at some select 
centers with special MR spectroscopists on site [17—20]. 

It has been noted that most IDH-mutated tumors occur in 
a single lobe, frontal lobe being the most common, followed 
by temporal, parietal, and occipital lobes [21]. Most such 
tumors demonstrate a sharp margin and inhomogeneous but 
mild contrast enhancement. In contrast, IDH-wildtype 
tumors are frequently multilobar in location, though involve- 
ment of only the temporal or frontal lobes is occasionally 
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seen. Preferred site involves the insula with extension into 
the adjacent temporal, frontal, and parietal lobes [21, 22]. In 
terms of their morphological appearance, these IDH- 
wildtype tumors demonstrate ill-defined margins with the 
adjacent brain especially on FLAIR/T2WI. Necrosis and 
moderate-to-intense heterogeneous, especially peripheral 
enhancement are seen (Fig. 4.1). The presence of necrosis, 
more intense enhancement, and ill-defined margins suggests 
more oxygen demand, more robust neoangiogenesis, and 
infiltrative nature of the wildtype tumors than their IDH- 
mutant counterparts. 


Fig. 4.1 A 69-year-old male with change in mental status. (a) Coronal 
T2WI demonstrates a heterogeneous centrally necrotic mass in the left 
insular region extending to involve the frontal lobe. (b) Axial FLAIR 
image demonstrates FLAIR signal abnormality surrounding this lesion 
which shows indistinct margin with the adjacent brain. (c) Axial T1 


post-contrast image demonstrates heterogeneous but predominantly 
peripheral intense enhancement. (d) Corresponding axial DSC 
(dynamic susceptibility contrast) perfusion map demonstrates increased 
relative blood volume from the enhancing component of this lesion. 
Diagnosis: IDH-wildtype glioblastoma 
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4.6  1p/19q-Codeletion 

IDH-mutant gliomas can subsequently be classified into 
those which are 1p/19q-codeleted tumors or 1 p/19q-intact 
tumors. Of these, those gliomas which are | p/19q-codeleted 
are the oligodendrogliomas, while those which are 1p/19q- 
intact are astrocytomas [1, 12]. Astrocytomas typically also 
show TP53 mutation, a mutation which is never seen in oli- 
godendrogliomas, another distinguishing feature that sepa- 
rates these two tumors. As mentioned previously, this 
1p/19q-codeleted status and TP53 mutation help clearly 
separate the confusing oligoastrocytoma group into either 
oligodendroglioma or astrocytoma (which was not possible 
based on histological features alone), which helps to better 
manage these patients. 


Key Points 

e 1p/19q-codeletion status in an [DH-mutant tumor is 
diagnostic of oligodendroglioma;1p/19q-intact sta- 
tus with TP53 mutation is diagnostic of 
astrocytoma. 


4.6.1 Clinical Relevance and Prognosis 


It has been shown in two large randomized control trials 
that chemotherapeutic agents including procarbazine, 


Fig. 4.2 A 48-year-old man with seizures. (a) Axial T2WI demon- 
strates a heterogeneous mass involving the right frontal lobe. (b) 
Corresponding axial T1 post-contrast image demonstrates heteroge- 
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lomustine, and vincristine (PCV) when added to radiation 
therapy significantly improve the overall survival in 
patients with 1p/19q-deleted tumors when compared with 
radiation therapy alone [23-26]. This therefore is now 
the standard of care for all 1p/19q-codeleted 
oligodendrogliomas. 


4.6.2 Radiological Features 


Frontal lobe is the most common location of 1p/19q- 
codeleted tumors. Other common sites include the parietal 
and occipital lobes. In contrast, 1p/19q-intact tumors are 
seen most often in the temporal lobes and the insular cor- 
tex. In terms of their morphological appearance, 1p/19q- 
codeleted tumors demonstrate a more heterogeneous 
appearance. Also, calcification is a common feature of such 
tumors. In fact, presence of florid calcification and enhance- 
ment favors a higher grade (grade 3) oligodendroglioma 
(Fig. 4.2) [14, 21]. An intact margin favors a 1p/19q-intact 
tumor while ill-defined margins can be seen in both types. 
T2-FLAIR mismatch sign demonstrates a high positive pre- 
dictive value for 1p/19q-intact tumors, i.e., mass lesion 
which appears bright on T2WI and dark of FLAIR 
sequences (Fig. 4.3). 


neous but minimal enhancement. (c) Axial CT scan from the same 
patient demonstrates multiple arcs of calcification within this mass. 
Diagnosis: oligodendroglioma, IDH-mutant, 1p/19a codeleted tumor 
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Fig. 4.3 A 34-year-old man 
with headache. (a) Axial 
T2WI demonstrates a 
well-defined expansile mass 
involving the left insula, 
which appears predominantly 
bright in its signal intensity 
when compared to the gray 
matter. (b) Corresponding 
axial FLAIR image 
demonstrates the mass to be 
predominantly hypointense to 
the gray matter. Diagnosis: 
diffuse astrocytoma, 
IDH-mutant, 1p/19q- 
noncodeleted (intact) tumor 


4.7 Gliomatosis Cerebri 

Gliomatosis cerebri as a specific tumor subtype was included 
in the 2007 version of the WHO classification of CNS 
tumors. This term is deleted from the 2016 update [1]. A dif- 
fusely infiltrating non-enhancing tumor extending to involve 
3 or more lobes is no longer to be considered as gliomatosis 
cerebri. It is recognized as a diffuse glioma type, with its 
subtype dependent on further genetic, molecular testing and 
histological evaluation [1]. 


Key Points 
e Gliomatosis cerebri as a tumor term is no longer 
recognized. 


4.8 CNS Tumor Nomenclature, Integrated 


Diagnosis, and Layered Reports 


The term “anaplastic” previously used to describe grade 3 
tumors is no longer used. Also, Roman numerals to grading 
tumors is no longer recommended. It is thought that a typo- 
graphical error, such as grade II instead of grade II, and 
similar such mistakes can lead to bad clinical consequences. 
Hence, Arabic numerals used for other body parts to grade 
tumors are recommended to describe CNS tumors. It is now 
recommended that a layered report be used to describe a 
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CNS tumor, which provides histological diagnosis, grade of 
the tumor, and the mutation status in that order. For example, 
if oligodendroglioma has to be described, it should be 
mentioned as oligodendroglioma, grade 3, and IDH-mutant 
1p/19q codeleted tumor. Also, the mutation status establishes 
the grading and not the histology, i.e., if a tumor by histology 
appears as grade 1, but it carries a TERT-promoter or similar 
poor prognostic mutation commonly associated with grade 4 
tumors, the tumor under consideration in the final report 
should be read out as a grade 4 tumor [2]. 

Other terms clearly outlined in the 2021 WHO classifi- 
cation of tumors include NOS (not otherwise specified) and 
NEC (not elsewhere classified). NOS refers to a tumor 
which after extensive molecular work-up does not demon- 
strate a clear molecular signature for it be appropriately 
classified. NEC refers to a tumor which despite an adequate 
pathological work-up does not conform to a standard WHO 
diagnosis [2]. 


Key Points 

e Arabic and non-Roman numerals are now recom- 
mended to be used to describe CNS tumors. 

e Integrated diagnosis, including histology, grade of 
tumor, molecular profile is the correct way to com- 
pletely describe a tumor. 

e Molecular profile dictates grade of tumor and not 
histology. 
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4.9  Gliomas in Children 

Gliomas in children have been known to behave differently 
than those seen in the adult population. This is related to the 
fact that mutations seen commonly in gliomas in adults 
including IDH mutation and 1p/19q-codeletion occur 
uncommonly in children. The two common mutation types 
commonly seen in children, include BRAF mutation and his- 
tone H3K27 altered [27, 28]. 


4.10 BRAF Mutation 


These tumors are usually well circumscribed and carry an 
excellent prognosis. 


4.10.1 Radiological Features 


Cystic lesions with a mural enhancing nodule are common 
imaging features (Fig. 4.4). This mutation type encompasses 
pilocytic astrocytoma, pilomyxoid astrocytoma, and 
ganglioglioma. 


Key Points 

e BRAF mutation is one of the most common muta- 
tions seen in the pediatric population and includes 
tumor types such as pilocytic astrocytoma, pilo- 
myxoid astrocytoma, and ganglioglioma. 


Fig. 4.4 An 18-year-old boy 
with seizures. (a) Axial T2WI 
demonstrates a well-defined 
cystic appearing lesion in the 
right temporal lobe. (b) 
Corresponding axial T1 
post-contrast image 
demonstrates a mural 
enhancing nodule along the 
lateral aspect of this lesion. 
Diagnosis: pleomorphic 
xanthoastrocytoma, BRAF- 
mutant tumor 
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4.11 Histone H3K27 Altered Tumors 

These are diffuse midline gliomas (previously known as dif- 
fuse infiltrating pontine glioma) and carry an extremely poor 
prognosis. Often times they are seen in the brainstem. 
Location of this tumor type makes it difficult to biopsy these 
tumors or attempt a surgical resection [28]. They are now 
known to occur at other sites including the thalami, spinal 
cord, and sometimes, the cerebral parenchyma. Radiation 
and chemotherapy are not particularly helpful. 


4.11.1 Radiological Features 


Brainstem (pons) is the most common location. Other 
common locations include thalami and spinal cord. As pre- 
viously described, this is a diffusely infiltrating lesion 
which results in secondary expansion of the structure 
involved. Enhancement is variable. Occasionally, hetero- 
geneous enhancement and cyst(s) can be 
Leptomeningeal dissemination is seen in about one-third 
of all autopsies. 


seen. 


Key Points 

e H3K27 altered glioma now includes the previously 
known diffuse infiltrating pontine glioma in its 
genetic profile of tumors and carries a dismal 
prognosis. 
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4.12 Solitary Fibrous Tumor (SFT) 
and Hemangiopericytoma (HPC) 


Both these tumors share the same genetic feature which 
includes genomic inversion at the 12q13 locus, fusing the 
NAB2 and STAT6 genes. Hence, these 2 previously distinct 
tumors were combined as SFT/HPC tumor as per the 2016 
revised WHO classification of CNS tumors [1]. This was fur- 
ther revised to document these as SFT tumors deleting the 
term hemangiopericytoma (HPC) to clearly indicate the soft 
tissue origin of the tumor by the 2021 update on classifica- 
tion of CNS tumors [2]. Three grades have been described 
with SFT grade 1 a slowly growing tumor carrying excellent 
prognosis, while SFT grades 2 and 3 have a slightly poor 
prognosis, carry a high risk to recur following resection, and 
are associated with metastasis. 

Newly recognized tumor types in the revised 2021 WHO 
classification of CNS tumors diffuse leptomeningeal glio- 
neuronal tumor (first described in 2016). 

This is a rare glioneuronal neoplasm mainly seen in chil- 
dren. It is largely localized to the leptomeningeal compart- 
ment [1]. Oligodendroglioma-like tumor cells are seen at 
histology. 


4.12.1 Radiological Features 


Cluster of diffuse leptomeningeal enhancement is noted. 
Frequently, the basal cisterns are involved with associated 
extensive involvement of the subarachnoid space along the 
surface of the cord. Secondary hydrocephalus is commonly 
noted. Parenchymal involvement can also be seen. When pres- 
ent, it is seen to involve the spinal cord and the brain stem. 

In addition, at least 22 new tumor types have been recog- 
nized in the revised 2021 WHO classification of CNS tumors 
(Table 4.1) [2]. A discussion of all of these is beyond the 
scope of this text. One of the more common of these entities 
is the multinodular and vacuolating neuronal tumor as out- 
lined below. 


Table 4.1 New glioma tumor types recognized in the revised 2021 
WHO classification of CNS tumors 


Diffuse astrocytoma, MYB- or MYBLI altered 

Polymorphous low-grade neuroepithelial tumor of the young 
Diffuse low-grade glioma, MAPK pathway altered 

Diffuse hemispheric glioma, H3 G34-mutant 

Diffuse pediatric-type high-grade glioma, H3-wildtype and 
IDH-wildtype 

Infant-type hemispheric glioma 

High-grade astrocytoma with piloid features 

Diffuse glioneuronal tumor with oligodendroglioma-like features 
Myxoid glioneuronal tumor 

Multinodular and vacuolating neuronal tumor 

(Adapted from Table 7—Louis DN, et al. The 2021 WHO classification 
of the central nervous system: a summary. Neuro-Oncology 2021) 
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4.13 Multinodular Vacuolating Neuronal 
Tumor 


This rare entity first received mention in the 2016 revised 
CNS tumor classification. At that time, it was unclear if this 
was distinct tumor or in the tumor-dysplasia category. In the 
2021 revised classification, it has been recognized as a tumor. 
It carries an excellent prognosis and is believed to be a 
“Touch-Me-Not” lesion [29]. 


4.13.1 Radiological Features 


It is known to occur anywhere in the brain but commonly in 
the supratentorial compartment and especially in the frontal 
and temporal lobes. On morphological appearance, the lesion 
is seen as a cluster of FLAIR and T2 bright lesions typically 
in the subcortical white matter. Involvement of the overlying 
cortex and periventricular white matter has been reported. 
The lesion appears hypointense on TI WI and does not dem- 
onstrate contrast enhancement or diffusion restriction. No 
susceptibility is seen. 


4.14 Conclusion 


Concluding Remarks 

The revised 2016 and subsequently 2021 classifica- 
tion systems of CNS tumors by including the 
genetic profile improve diagnostic accuracy of 
brain tumors. This allows neuro-oncologists and the 
surgeons to optimize treatment strategies targeted 
to the specific tumor type, thus allowing for a better 
prognosis and improved overall survival. The neu- 
roradiologist by identifying the imaging phenotype 
of the particular glioma genotype plays an impor- 
tant role in guiding the clinical team in their treat- 
ment planning. 


Take-Home Messages 

e JDH-mutated tumors are more solid in their imag- 
ing profile and demonstrate less enhancement than 
IDH-wildtype counterparts. 

e 1p/19q-codeleted tumors are more heterogeneous 
in their imaging appearance and exhibit calcifica- 
tion more frequently than their 1p/19q-intact 
counterparts. 

e BRAF mutant tumors seen more commonly in the 
pediatric population. These include pilocytic astroc- 
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tyoma, pilomyxoid astrocytoma, and ganglioglioma 
in their molecular profile spectrum. 


e H3K27 altered tumors are also seen more com- 


monly in the pediatric population. They are more 
diffuse and aggressive. These mutant tumors 
encompass the previously described diffuse infil- 
trating pontine glioma spectrum of tumors. 


e New tumor types now recognized have helped us 


better classify and understand CNS tumors. 
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Nontraumatic Intracranial Hemorrhage 


Pamela W. Schaefer and Myriam Edjlali 


Abstract 


Spontaneous ICH is usually intraparenchymal or sub- 
arachnoid in location. Intraparenchymal hemorrhages, 
encompassing lobar or centrally located hematomas, have 
diverse underlying causes, with cerebral amyloid angiop- 
athy, characterized by lobar hemorrhage, being the most 
common. Hypertension is the second most common cause 
with a predilection for the basal ganglia, pons, and cere- 
bellum. Subarachnoid hemorrhage is linked to aneurysm 
rupture in 85% of cases. Other relatively common causes 
of spontaneous intracranial hemorrhage include hemor- 
rhagic conversion of ischemic infarction, cerebral arterio- 
venous malformations, dural arteriovenous fistulas, 
venous sinus thrombosis, cavernous malformations, 
reversible cerebral vasoconstriction syndrome, coagulop- 
athy, and underlying tumors. 

Computed tomography followed by CT angiography is 
used for initial assessment of spontaneous ICH. However, 
MRI is more sensitive than CT for the detection of ICH 
and plays an important role in their etiology characteriza- 
tion. In this paper, the authors present a logical approach 
to imaging spontaneous intracranial hemorrhage includ- 
ing identifying prognostic factors, determining etiology, 
and establishing treatment. 


Keywords 
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thrombosis - Cerebral arteriovenous malformation 


Learning Objectives 

e To know the CT and MRI protocols used to detect 
and characterize intracranial hemorrhage. 

e To understand the key imaging features of intracra- 
nial hemorrhage on CT and MRI including signs 
that determine prognosis. 

e To know the differential diagnosis of nontraumatic 
ICH based on hemorrhage location and patient 
demographics. 

e To understand the key imaging characteristics of the 
major causes of nontraumatic intracranial 
hemorrhage. 

e To know how to triage patients with nontraumatic 
intracranial hemorrhage for further imaging and 
treatment. 
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5.1 Introduction and Imaging Protocol 


Nontraumatic intracranial hemorrhage accounts for up to 
15% of all strokes and has an incidence of 10-30/100,000. 
Morbidity and mortality are higher for hemorrhagic stroke 
compared to ischemic stroke with a l-year survival of 
approximately 30%. The incidence increases with age and is 
higher in males than females. The most common risk factor 
is hypertension. Other factors such as diabetes, anticoagulant 
therapy, dyslipidemia, and alcohol abuse also play an impor- 
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tant role. Prognosis depends on the severity of risk factors as 
well as complications of ICH such as the development of 
hydrocephalus, brain herniation, or vasospasm. 

The initial radiological assessment typically includes a 
CT scan followed by CT angiography to detect acute hemor- 
rhages and their causes. While MRI is less common in the 
acute phase, it offers high sensitivity, particularly when per- 
formed shortly after symptom onset (<24 h). 

When investigating intracranial bleeding causes after 
excluding intracranial aneurysms with CT angiography, MRI 
proves valuable for identifying the underlying factors. The 
imaging protocol should encompass DWI for the detection 
of associated ischemia, ideally 3D FLAIR to minimize CSF 
artifact for detection of edema and subarachnoid hemor- 
rhage, SWI imaging for chronic microbleeds and hemosid- 
erosis from amyloid angiopathy, time-of-flight MRA 
(possibly with gadolinium enhancement for distal arterial 
stenosis), and dynamic MRA to assess arteriovenous shunts. 
An arterial spin labeling sequence (ASL) is highly useful for 
detecting increased cerebral blood flow (CBF), which may 
indicate tumors or vascular shunts. ASL, being insensitive to 
blood components, is the preferred perfusion sequence for 
analyzing hemorrhagic components. 3D Tl-weighted 
sequences with and without contrast to assess for an underly- 
ing mass lesion should also be obtained. 
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5.2 Subarachnoid Hemorrhage 


5.2.1 Overview 

Subarachnoid hemorrhage (SAH) is the third most common 
subtype of stroke. The incidence of SAH has decreased over 
the past few decades, possibly due to factors like lifestyle 
changes, such as quitting smoking and better management of 
hypertension. Around a quarter of SAH patients don’t sur- 
vive before they can be admitted to the hospital. However, 
the overall outcomes are better for those who make it to the 
hospital, although they still face an increased risk of long- 
term neuropsychiatric issues like depression. This condition 
continues to have a significant impact on public health, as the 
average age of onset is in the mid-50 s, leading to many years 
of reduced quality of life [1]. Subarachnoid hemorrhage 
(SAH) is defined as blood in the cerebrospinal fluid con- 
tained in the basal cisterns and the subarachnoid spaces of 
the cerebral hemispheres, located between the arachnoid 
mater and the pia mater. Nontraumatic subarachnoid hemor- 
rhage (SAH) has an annual incidence of 9 per 100,000 indi- 
viduals. It is a rare yet serious event, with an estimated 
mortality rate of 40% within the first 48 h. In 85% of cases, 
it is associated with the rupture of an intracranial aneurysm 
(Fig. 5.1). If SAH is suspected, cerebral imaging should be 


Fig. 5.1 Enhanced FLAIR sensitivity (a) in detecting subarachnoid hemorrhage compared to a negative CT scan (b) acquired on the same day, 


5 days after the onset of severe headaches in a 45-year-old male 
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performed urgently to confirm the diagnosis, identify any 
complications, and investigate its cause. During the early 
phase, within the first 24 h, a CT scan of the brain combined 
with CT angiography of the circle of Willis is the recom- 
mended examination for a positive SAH diagnosis and for 
etiological diagnosis to detect an intracranial aneurysm. A 
diagnosis of subarachnoid hemorrhage (SAH) can be estab- 
lished through a CT scan when an unenhanced hyperdensity 
is observed within the subarachnoid spaces, typically involv- 
ing the basal cisterns, interhemispheric sulci, and lateral 
sulci. If the patient’s clinical condition allows, cerebral MRI 
may be considered. The FLAIR sequence is more sensitive 
than a CT scan in demonstrating subarachnoid hemorrhage 
(Fig. 5.2), especially after 48 h from symptom onset, and has 


Fig.5.2 A 62-year-old female with severe headaches. Noncontrast CT 
(a) reveals spontaneous hyperdensity in the subarachnoid spaces, indic- 
ative of an acute subarachnoid hemorrhage, along with initial ventricu- 
lar dilation suggesting the onset of hydrocephalus. CT Angiography (b) 
identifies the source of the bleeding as a ruptured aneurysm of the ante- 
rior communicating artery 


51 


a higher sensitivity for the etiological diagnosis of sulcal 
hemorrhages. In addition, combining FLAIR and SWI repre- 
sents the most effective protocol for detecting subarachnoid 
hemorrhage (SAH) in the acute, subacute, or late phases of 
the hemorrhage. If these examinations yield normal results 
but clinical suspicion remains high, a lumbar puncture should 
be performed. 


5.2.1.1 Main Etiologies of a SAH 

Subarachnoid hemorrhage (SAH) [1] can result from various 
underlying causes, with the primary etiologies falling into 
several categories [2]: 


1. Aneurysm [3]: Aneurysms, which are weakened and 
bulging areas in the walls of blood vessels, are a leading 
cause of SAH. When an aneurysm ruptures, it releases 
blood into the subarachnoid space, leading to SAH. The 
most common aneurysms associated with SAH are sac- 
cular aneurysms found in the circle of Willis. 

2. Dural AVF (Arteriovenous Fistula) or cortical venous 
thrombosis [4]: Abnormal connections between arteries 
and veins within the dura mater (the membrane surround- 
ing the brain) known as dural arteriovenous fistulas or 
cortical venous thrombosis can also result in SAH. These 
conditions disrupt normal blood flow, increasing the risk 
of hemorrhage. 

3. RCVS (Reversible Cerebral Vasoconstriction 
Syndrome) [5]: RCVS is a relatively rare but important 
cause of SAH. It involves the sudden narrowing of cere- 
bral blood vessels, which can lead to severe headaches 
and, in some cases, SAH. The vasoconstriction is typi- 
cally reversible with time. 

4. Other: Nontraumatic subarachnoid hemorrhage (SAH) 
can also stem from less typical sources, including endocar- 
ditis leading to mycotic aneurysm formation, vasculitides, 
amyloid angiopathy [6], tumors, arteriovenous malforma- 
tions, bleeding disorders, and infections (Fig. 5.3). In cer- 
tain instances, pinpointing the exact underlying cause may 
pose a diagnostic challenge, necessitating a comprehensive 
evaluation. Understanding the underlying etiology of SAH 
is crucial for appropriate management and treatment deci- 
sions, as each cause may necessitate distinct diagnostic 
workup and therapeutic approaches. 


5.2.1.2 How Can I Determine Which 

of the Multiple Intracranial Aneurysms 

Has Bled During a SAH Assessment? 
In cases where multiple intracranial aneurysms are present, 
accounting for 15 to 20% of cases, it is essential to prioritize 
treatment for the ruptured aneurysm before addressing the 
others. While the distribution of the SAH may provide some 
clues about the ruptured aneurysm, it is often insufficient for 
a definitive conclusion. 
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Fig. 5.3 Spontaneous subarachnoid hemorrhage at the vertex (a, head arrow) and various non-aneurysmal causes, including cerebral sinus and 
cortical vein thrombosis (b), reversible cerebral vasoconstriction syndrome (c), and amyloid angiopathy (d) 


One indicator to consider is the irregular, scalloped compared to aneurysms within the same patient that have not 
“blister-like” appearance of the aneurysm wall, which sug- yet ruptured [7]. 
gests fissuring or rupture. Other indicators are size over 


6 mm, interval grow from a prior scan. 5.2.1.3 When Dealing with a Cisternal SAH 
Furthermore, on 3 Tesla MRI with 3D T1-weighted FSE and a Negative CT Angiogram, Three 
sequences and gadolinium enhancement, circumferential Possibilities Should Be Considered 


enhancement of the aneurysm wall is believed to be a sign 
favoring unstable aneurysms (Fig. 5.4). These are more com- 1. Undetected arterial abnormality: It is possible that an 
monly observed in cases of aneurysms that have ruptured arterial abnormality exists but has not been detected. 
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Fig. 5.4 Spontaneous subarachnoid hemorrhage (a) resulting from a 
ruptured aneurysm in a 50-year-old female with multiple aneurysms 
(angioMR 3D time-of-flight, b). The ruptured aneurysm is the only one 


Small intracranial aneurysms in the posterior circulation 
can be challenging to identify on standard imaging. 
Sometimes, a small aneurysm may not be visible due to 
overlapping with normal branches of the circle of Willis. 
Analyzing vessels individually, aided by volume render- 
ing techniques, can be helpful in detecting such aneu- 
rysms. Additionally, there is the possibility of a “blister” 
type of aneurysm [8], which represents a local intracra- 
nial dissection without a distinct sac. In such cases, irreg- 
ularities in the arterial wall should be closely examined, 
particularly near the subarachnoid spaces where the hem- 
orrhage is most significant, as well as in the walls of spe- 
cific arterial segments. 

2. Intracranial dissection: Another possibility is a dissect- 
ing intracranial arterial abnormality, especially in the V4 
segment of the vertebral arteries. Intracranial dissections, 
particularly those affecting the posterior circulation, can 
lead to subarachnoid hemorrhage and account for 5% of 
SAH cases. These dissections are characterized by thin- 
ner arterial walls and a lack of an external elastic limiting 
layer, making them prone to rupture and causing 
SAH. Detecting intracranial dissections is crucial, as they 
require specific treatment. 


exhibiting arterial wall enhancement in vessel wall imaging (c), con- 
firming its association with the site of bleeding as seen in the FLAIR 
image 


3. No arterial lesion: Perimesencephalic hemorrhages 
(Fig. 5.5), accounting for 5-10% of nontraumatic sub- 
arachnoid hemorrhages (SAH) [9], result from venous 
bleeding that leads to subarachnoid hemorrhage situated 
in the interpeduncular and peripontine cisterns. The 
bleeding, while it may extend slightly, remains confined 
primarily to the suprasellar cisterns and the basal regions 
of the motor cortex or interhemispheric sulci. 
Occasionally, a subtle blood presence can be observed 
in the occipital horns without actual intraventricular 
hemorrhage. Patients typically present with stable clini- 
cal conditions and unimpaired consciousness. 
Diagnosing perimesencephalic hemorrhage relies on the 
clinical and radiological criteria mentioned earlier, cou- 
pled with the absence of an aneurysmal structure evi- 
dent in CT angiography or MRA or on the cerebral 
arteriography of the circle of Willis. The initial clinical 
manifestations, as well as the long-term outcomes and 
prognosis, are considerably more favorable compared to 
SAH caused by aneurysms. Most medical teams opt for 
a secondary non-invasive investigation into the underly- 
ing cause, typically conducted a few weeks after the ini- 
tial event. 
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Key Points # 1 

e Eighty-five percent of spontaneous SAH arises 
from aneurysm rupture, usually in the region of the 
circle of Willis. 

e Imaging features associated with aneurysm rupture 
are size larger than 6 mm, irregular configuration, 
and smooth concentric aneurysm wall enhancement. 

e Perimesencephalic hemorrhage arises from venous 
bleeding and has a good prognosis. 

e Cerebral convexity SAH may result from RCVS or 
dural AVF. 


P. W. Schaefer and M. Edjlali 
5.3 Intraparenchymal Hemorrhage 
5.3.1 Overview 


Intraparenchymal hemorrhage accounts for approximately 
15% of all strokes [10]. In older adults, the most common 
etiologies are hypertension, cerebral amyloid angiopathy, 
anticoagulation, hemorrhagic transformation of acute isch- 
emic strokes, and underlying primary or secondary tumors. 
In younger adults and children, common vascular malforma- 
tions such as arteriovenous malformations, cavernous mal- 
formations, and cerebral venous sinus thrombosis and rarer 
lesions such as moyamoya and dural arteriovenous fistulas 


Fig. 5.5 Perimesencephalic hemorrhage is observed on noncontrast CT anterior to the pons (a, b) and on the FLAIR image (c), with no arterial 
abnormalities detected on angioMR time-of-flight (d, e) and no lesions detected on susceptibility-weighted imaging (SWI, f) 
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should be considered. Additional rarer causes of IPH include 
Reversible Cerebral Vasoconstrictive Syndrome (RCVS), 
posterior reversible encephalopathy syndrome (PRES), vas- 
culitis, drug toxicity, and infections such as mucormycosis 
and aspergillosis. 


5.3.2 Key Imaging Features 
of Intraparenchymal Hemorrhage 


Acute intraparenchymal hemorrhage typically demonstrates 
homogeneous hyperdensity due to high protein content on 
NCCT, measuring approximately 40-80 HU. The presence 
of fluid fluid levels or foci of hypoattenuation (the swirl sign) 
may represent hyperacute (unclotted) hemorrhage, a coagu- 
lation disorder, and/or active bleeding. As the IPH breaks 
down, it usually becomes isodense to brain at 1—2 weeks and 
hypodense approaching the attenuation of cerebrospinal 
fluid at 1-2 months. On MRI in the first few hours, an intra- 
cerebral hematoma consists of intact red blood cells contain- 
ing mainly oxyhemoglobin that is isointense on T1 and 
hyperintense on T2-weighted images. Over time changes 
begin at the periphery and extend inward. From 1 to 3 days, 
the hemorrhage is characterized predominantly by deoxyhe- 
moglobin which is isointense on T1 and hypointense on 
T2WL In the early subacute phase (3-7 days), deoxyhemo- 
globin converts to intracellular methemoglobin which is 
hyperintense on T1 and hypointense on T2WI. Subsequently 
at 1—4 weeks, the red blood cells lyse. The extracellular met- 
hemoglobin is hyperintense on both T1 and T2WI. After 
4 weeks, the resultant cavity shrinks to become slit like and 
contains mainly hemosiderin laden macrophages with 
hypointensity on T1 and T2WI (Table 5.1). Oxyhemoglobin 
and extracellular methemoglobin do not exhibit susceptibil- 
ity effects, while deoxyhemoglobin, intracellular methemo- 
globin, and hemosiderin do exhibit susceptibility effects. 
After the first few hours, since hematomas contain a combi- 
nation of blood products, they nearly always show blooming 
on SWI images. Surrounding edema increases for the first 
2 weeks and resolves by approximately 1 month. From 
1 week to 1 month, following the injection of intravenous 
gadolinium, there is a smooth rim of enhancement due to an 


Table 5.1 CT and MR characteristics of intracranial hemorrhage 


Time NCCT CECT 
Hyperacute (<6 h) Hyperdense 

Acute (6 h — 3 days) Hyperdense 

Early subacute Hyper/isodense 

(3-7 days) 

Late subacute Iso/hypodense Rim enhancement 
(1—4 weeks) 

Chronic Hypodense 


(months — years) 
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inflammatory response and breakdown of the blood brain 
barrier. 


Key Points # 2 

e The timing of IPH can be determined by its CT and 
MR appearance. 

e Imaging features of IPH (swirl sign, intraventricu- 
lar extension, contrast extravasation, volume, and 
infratentorial location) can be used to predict hema- 
toma expansion and determine prognosis. 


5.3.3 Prognostic Factors 


A number of factors should be included when describing hema- 
tomas because they predict higher mortality and may require 
neurosurgical intervention. These include findings that predict 
hematoma expansion such as areas of hypodensity within a 
hematoma on noncontrast CT, irregular margin or shape, con- 
trast extravasation on CTA, intraventricular extension, and hema- 
toma size which can be measured using the ABC/2 formula. 
Brain herniation suggesting the need for hemicraniectomy, and 
hydrocephalus suggesting the need for shunt placement are also 
important. Age and Glasgow coma score are key clinical factors 
that predict mortality. The ICH score incorporates many of these 
factors and allows an early rapid estimation of patient prognosis 
[11]. A score of 4 or higher predicts a 97% mortality rate. 


5.3.4 Entities with Underlying Vascular 
Abnormality on CTA or MRA 


When a patient presents to the emergency room with a lobar 
hemorrhage, they typically undergo CT angiography scan- 
ning (Table 5.2). Approximately 15% have an underlying 
large or medium vessel vascular abnormality visualized on 
CTA. The most common underlying vascular abnormalities 
in one large study were arteriovenous malformation (43%), 
aneurysm (24%), and venous sinus thrombosis (19%). Rarer 
causes include moyamoya syndrome, vasculitis, and revers- 
ible cerebral vasoconstriction syndrome [12]. 


T1 12 T% 

Isointense Hyperintense 

Isointense Hypointense Hypointense 
Hyperintense rim Hypointense Hypointense center 
Isointense center 

Hyperintense Hyperintense Hypointense 
Hypointense Hypointense Hypointense 


Density/Intensity compared to normal brain parenchyma. NCCT noncontrast CT, CECT contrast enhanced CT 
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Table 5.2 Most common etiologies of intraparenchymal hemorrhage with or without underlying vascular abnormality on CTA 


Entity 


Clinical 


Underlying vascular abnormality on CTA 


Arteriovenous 
malformation 


Cerebral venous sinus 
thrombosis 


Hemorrhagic 
transformation of 
ischemic stroke 


Aneurysm 


Moyamoya 


Reversible cerebral 
vasoconstriction 
syndrome 


Primary CNS vasculitis 


e Age—Children, young adults 

Risk factors—Older age, larger size, deep 
venous drainage, venous stenosis, feeding 
artery, or intranidal aneurysm 
Syndromes—HHT, Wyburn-Mason, RASA 
Symptoms—Seizure, headache, acute 
neurologic deficit 

Etiology—Congenital 

Age—Children, young and older adults 
Risk factors—Prothrombosis, pregnancy, oral 
contraceptives, dehydration, infections 
Symptoms—Headache, seizure, 
encephalopathy, acute neurologic deficit 
Etiology—Hypercoagulability 


Age—Older adults > young adults and 
children 

Risk factors—Reperfusion therapy, larger 
stroke size, older age, hypertension, 
hyperglycemia 

Timing— 1—4 days 
Etiology—Reperfusion into ischemic tissue 
Age— Young > older adults 

Risk factors—Aneurysm size >5 mm, 
lobulation, growth between scans 
Symptoms—Severe headache, focal 
neurologic deficit 

Etiology—Congenital 


Age—Children and young adults 
Symptoms—Acute neurologic deficits 
Associations—Radiation, NF1, Down’s 
syndrome, atherosclerosis 
Etiology—lIdiopathic 


Age—Young to middle age females 
Risk factors—Pregnancy, migraines, 
vasoactive drugs 
Symptoms—Recurrent thunderclap 
headaches, focal neurologic deficit 
Etiology—Reversible vasospasm 


Age—Middle age males 
Symptoms—Headache, encephalopathy, 
stroke, seizure 

Etiology—T-cell mediated inflammation 


Key imaging features in addition to parenchymal hematoma 


Hemorrhage location—Lobar or deep gray nuclei 
NCCT—Hyperdense vessels, Ca+ 
CTA/MRA—Arterial phase opacification of feeding 
arteries, nidus, draining veins 

T2WI—Flow voids, pulsation artifact 
FLAIR—Gliosis, edema 


Hemorrhage location—Lobar (superior sagittal, transverse, 
sigmoid sinus) or deep gray nuclei (ICV, VOG, straight 
sinus) 

NCCT—Hyperdense vein (cord sign), hyperdense sinus 
(triangle sign) 

T2 WI—Absence of flow void 

FLAIR—Edema 

DWI—Facilitated or restricted diffusion 

SWI—Blooming in clotted vessel/vein 

CTV, CE MRV, CE MPRAGE, and T2 SPACE all highly 
sensitive and specific for thrombosis detection 
Hemorrhage location—Peripheral petechial > parenchymal 
(in basal ganglia with MCA M1 strokes) 
CTA—Recanalization or persistent clot when reperfusion 
from collaterals causes hemorrhage 

SWI is superior to NCCT for hemorrhage detection 


Hemorrhage location—Basal ganglia (M1 segment 
aneurysm), anterior temporal lobe (MCA bifurcation 
aneurysm), inferior frontal lobe (anterior communicating 
artery aneurysm), other (mycotic aneurysms); usually has 
associated subarachnoid hemorrhage 

NCCT—Aneurysm is less hyperdense than clot 

T2 WI—Flow void with lamellated appearance 

CTA and CE MRA—>90% sensitive and specific for 
aneurysm detection 

Hemorrhage location—Basal ganglia 

FLAIR—“ivy sign” — Sulcal hyperintensity from slow 
blood flow in collateral vessels 

T2 W1—Flow voids in collateral network and absence of 
flow voids in distal ICAs and proximal 

Strokes of variable ages in anterior circulation and border 
zone distributions 

CTA/MRA—Severe narrowing or occlusion of distal ICAs, 
proximal MCAs and ACAs with circle of Willis and pial 
collaterals from posterior circulation 

MCAs and ACAs 

Hemorrhage location—Lobar parenchymal plus cerebral 
convexity subarachnoid hemorrhage 
CTA/MRA—Miultifocal stenoses in first and second order 
branches 

DWI—Border zone infarctions 

FLAIR—Cortical and subcortical vasogenic edema 
Vessel wall imaging—Uniformly thickened walls without 
enhancement 

Hemorrhage location—Lobar plus subarachnoid at the 
cerebral convexities 

CTA/MRA—Proximal and/or distal circle of Willis vessel 
stenoses 

DWI/FLAIR—Strokes of different ages in different 
vascular distributions 

CE T1—Leptomeningeal enhancement 

Vessel wall imaging—Concentric enhancement 
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Table 5.2 (continued) 


Entity 
Dural AV fistula 


Posterior reversible 
encephalopathy 
syndrome 


Infections 


Clinical 


Age—Middle age to older adult 

Risk factors—Prior sinus thrombosis, cortical 
venous drainage 

Symptoms—Pulsatile tinnitus, cranial nerve 
palsies, orbital symptoms, strokes 
Etiology—lIdiopathic or resulting from 
trauma, surgery, VST, tumor, infection 


Age—Young adults 
Symptoms—Headache, seizure, 
encephalopathy, visual changes 
Etiology—Loss of autoregulation due to 
acute blood pressure change, neurotoxins 
Age—Any age 

Risk factors—Immunocompromised 
Etiology—Mucormycosis/aspergillosis— 
Spread from sinonasal cavity to the skull 
base and circle of Willis bacterial 
endocarditis—Hematogenous spread to distal 
MCA, ACA, PCA branches 


No underlying vascular abnormality on CTA 


Cerebral amyloid 
angiopathy 


Hypertensive 
vasculopathy 


Cavernous malformation 


Tumoral hemorrhage 


Hemorrhagic 
encephalitis 


5.3.4.1 Arteriovenous Malformation 

An arteriovenous malformation is composed of large feeding 
arteries, a central nidus through which arteriovenous shunt- 
ing occurs and enlarged draining veins. AVMs are most com- 
monly intraparenchymal but may be intraventricular or 
located in the subarachnoid space [13]. Eighty-five percent 


Age—Over 65 

Symptoms—Cognitive impairment, focal 
neurologic deficits, seizures 
Etiology—Deposition of cerebral amyloid- B 
peptide in walls of small leptomeningeal and 
cortical vessels 


Age—Older adults 
Symptoms—Acute neurologic deficits 
Etiology—Poorly controlled hypertension 


Age—40-60 

Risk factors—Radiation 

Symptoms—Acute neurologic deficits, 
seizures 

Etiology—Hyalinized thin-walled capillaries 
with surrounding hemosiderin 

Age—Older adults 

Risk factors—Chemotherapy, radiation, 
hypertension, anticoagulation 
Symptoms—Acute neurologic deficits, 
seizures 

Etiology—Rupture of tumoral blood vessels, 
tumoral invasion of parenchymal arteries or 
veins 

Age—Any age 

Symptoms—Fever, encephalopathy, seizures 
Etiology—Herpes virus, flaviviruses, 
Epstein—Barr virus 
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Key imaging features in addition to parenchymal hematoma 


Hemorrhage location—Lobar - cerebellum, medial 
temporal and occipital lobes; subarachnoid at the cerebral 
convexities 

Time resolved CTA/MRA—Enlarged feeding arteries (ICA, 
ECA, MMA), direct connection(s) to enlarged draining 
veins or abnormal venous sinuses with channels and 
arterialized flow 

T2 WI—Abnormal flow voids 

Hemorrhage location—Lobar hemorrhages in 20% 
FLAIR—Edema/ischemia in parietal and occipital 
subcortical white matter or in border zone distribution 
CTA/MRA—Posterior circulation vasoconstriction and/or 
vasodilatation with beading 
Mucormycosis/aspergillosis—Circle of Willis vascular 
narrowing and/or pseudoaneurysm formation with basal 
ganglia hemorrhages, infarctions, abscesses, and edema 
Bacterial endocarditis—Distal pseudoaneurysms with lobar 
hemorrhages, abscesses, infarctions, edema 


Hemorrhage location—Lobar 

Microhemorrhages at gray—white matter junctions 
Leptomeningeal hemorrhage/hemosiderosis 
Periventricular leukoencephalopathy 
Cortical/subcortical lacunes 

Prominent perivascular spaces 

Leptomeningeal enhancement (inflammatory CAA) 
Vasogenic edema (inflammatory CAA) 

Hemorrhage location—Basal ganglia, thalami, brainstem, 
cerebellum 

Microhemorrhages 

Lacunar infarctions 

Diffuse leukoaraiosis 

Central “popcorn” appearance with T1 hyperintense foci 
Complete hemosiderin rim 

Enhancement due to central leakage of contrast 

Edema if recent bleeding 

Numerous additional lesions seen only on SWI in familial 
forms 

Enhancing tissue 

Delayed evolution of products of hemorrhage 
Incomplete hemosiderin rim 

Fluid fluid levels or blood cystic-necrotic levels 
Disproportionately large amount of edema 


FLAIR/T2 hyperintense expansile lesions with hemorrhage 
involving cortex and subcortical white matter 

Herpes simplex virus—Limbic system 

Flaviviruses, Epstein—Barr virus—Basal ganglia, thalami, 
brainstem 


of AVMs are supratentorial, and approximately 65% of 
supratentorial AVMs are superficial (lobar). They are typi- 
cally sporadic but may be associated with syndromes such as 
hereditary hemorrhagic telangiectasia, Wyburn-Mason syn- 
drome, or the RASA 1 mutation. AVMs are typically diag- 
nosed in childhood or young adulthood. Risk of rupture 
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increases with age, presence of a feeding artery or intranidal 
aneurysm, venous stenosis, or deep venous drainage. 

AVMs are typically classified according to the Spetzler 
Martin grading system in order to predict the risk of surgical 
complication based on size, presence of deep venous drain- 
age, and eloquence of location. The hemorrhagic risk is 
higher for AVMs that are infratentorial, have a deep location 
and/or deep venous drainage, or have previously bled. AVMs 
may have calcifications and appear mildly hyperdense on 
noncontrast CT, enhance during the arterial phase on CTA 
and dynamic contrast-enhanced MRA, and have prominent 
flow voids and pulsation artifact on T2-weighted MRI 
images. Additional features may include edema or gliosis 
(best identified on FLAIR images) and acute or chronic hem- 
orrhage (best identified on SWI images) in the surrounding 


P. W. Schaefer and M. Edjlali 


brain parenchyma. Digital subtraction angiography remains 
the gold standard for diagnosing and assessing AVMs. 


5.3.4.2 Cerebral Venous Sinus Thrombosis 

Cerebral venous sinus thrombosis refers to the formation and 
propagation of clot leading to occlusion of intracranial 
venous sinuses and veins. Important risk factors are pro- 
thrombotic conditions, pregnancy, oral contraceptives, dehy- 
dration, infectious and inflammatory conditions, and 
malignancy. Symptoms and imaging findings vary by 
location [14]. The most common symptoms are headache, 
seizure, encephalopathy, and focal neurologic deficits. Lobar 
hemorrhages are typically caused by thrombosis of the supe- 
rior sagittal, transverse and sigmoid sinuses, and/or of corti- 
cal veins (Fig. 5.6). Basal ganglia and thalamic hemorrhages 


Fig.5.6 A 36-year-old female with severe headache, right-sided weak- 
ness, and cortical vein thrombosis. Noncontrast CT (a) shows a left 
parietal parenchymal hematoma. The hematoma has areas that are 
hypointense on T2-weighted images (b) and isointense on T1-weighted 
images (c), consistent with deoxyhemoglobin and areas that are hyper- 
intense on T2-weighted images and isointense on T1-weighted images, 


consistent with oxyhemoglobin. CTA source images (d) show non- 
opacification of a cortical vein, consistent with thrombosis (black 
arrow). There is blooming of the vein on the gradient echo images (e), 


confirming thrombosis. Coronal contrast-enhanced T1-weighted 
images (f) show gyriform enhancement, typical of subacute ischemic 
lesions 
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are typically caused by thrombosis of the internal cerebral 
veins, vein of Galen, or straight sinus. Findings on NCCT 
include hyperdensity in the thrombosed vein (cord sign) or 
sinus (dense triangle sign), present in approximately 30% of 
cases, as well as parenchymal hemorrhage in a nonarterial 
distribution and/or vasogenic edema and mass effect. CT 
venography is over 90% sensitive and specific for the detec- 
tion of CVT. Findings on MRI include absence of a normal 
flow void on T2 weighted images. The clot and parenchymal 
hematoma are typically characterized by T1 isointensity and 
T2 hypointensity in the acute stage, by T1 hyperintensity and 
T2 hypointensity in early subacute stage and by T1 and T2 
hyperintensity in the late subacute stage. Edema is typically 
best visualized on the FLAIR images and is characterized by 
restricted and/or facilitated diffusion. Contrast-enhanced 
MR venography, contrast-enhanced volumetric T1-weighted 
images, and T2 volumetric SPACE sequences demonstrate 
higher than 90% sensitivity and specificity for detection of 
CVT. 


5.3.4.3 Hemorrhagic Transformation of Ischemic 
Stroke 

Hemorrhagic transformation of acute ischemic stroke has 
been variably reported. Risk factors include reperfusion ther- 
apy with intravenous thrombolytic agents and/or thrombec- 
tomy, larger stroke size, older age, hypertension, and 
hyperglycemia [15]. Most hemorrhagic transformation man- 
ifests as petechial hemorrhage with small isodense or hyper- 
dense peripheral foci on CT that bloom on SWI and is 
asymptomatic. A minority results in parenchymal hematoma 
which is typically in the basal ganglia in large anterior circu- 
lation strokes. In patients who receive IVtPA, hemorrhagic 
transformation typically occurs in the first 24 h and is symp- 
tomatic in 6%. Spontaneous hemorrhage occurs up to 4 days 
after stroke onset and is symptomatic in 3%. Following 
reperfusion therapy, dual-energy CT can be used to distin- 
guish between contrast blush and hemorrhage. 


5.3.4.4 Aneurysm 

Aneurysms typically present with subarachnoid hemorrhage 
but can present with isolated IPH when they are located at 
the M1 segment and point superiorly into the basal ganglia, 
at the MCA bifurcation and point posteriorly into the tempo- 
ral lobe, or at the anterior communicating artery and point 
superolaterally into the inferior frontal lobe. Peripheral 
mycotic aneurysms can also rupture into adjacent brain 
parenchyma (Fig. 5.7). Proximal aneurysms that cause iso- 
lated IPH are typically greater than 12 mm [16]. On NCCT, 
they are less hyperdense than the adjacent hematoma, but 
may have a partially thrombosed hyperdense wall similar in 
density to the adjacent hematoma. On MRI, aneurysms show 
a flow void on T2WI with a lamellated appearance with sig- 
nal intensity depending on the stage of hemorrhage if there is 
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partial thrombosis. Aneurysms may be associated with pul- 
sation artifact. CTA and contrast-enhanced MRA are greater 
than 90% sensitive and specific for identifying aneurysms. 


5.3.4.5 Moyamoya Syndrome 

Moyamoya disease is an idiopathic, non-arteriosclerotic, 
noninflammatory arterio-occlusive syndrome that occurs in 
young children and young adults. It is characterized predom- 
inantly by progressive occlusion of the distal internal carotid 
arteries and of the proximal anterior and middle cerebral 
arteries, although the posterior circulation can be involved in 
up to 50% [17]. As a compensatory mechanism, multiple 
collateral vessels form in the region of the circle of Willis 
and involve the lenticulostriate and thalamoperforating arter- 
ies as well as leptomeningeal and dural arteries. Pial collater- 
als, typically from the posterior circulation, also form. 
Children typically present with borderzone and subcortical 
white matter infarctions, while young adults more commonly 
present with basal ganglia hemorrhage due to rupture of col- 
lateral vessels (Fig. 5.7). CTA and MRA are highly sensitive 
for identifying the large vessel occlusions and stenoses and 
larger collateral vessels, but digital angiography remains the 
gold standard for delineating the extent of collateral vessels. 
Findings on MRI include abnormal flow voids on T2 WI, the 
ivy sign (sulcal FLAIR hyperintensity due to slow flow in 
collateral vessels), acute ischemic strokes, and intraparen- 
chymal hemorrhage including microhemorrhages in the 
basal ganglia and deep white matter. Moyamoya syndrome 
refers to a number of conditions that mimic MMD on imag- 
ing. These include atherosclerosis, hematologic disorders 
such as sickle cell disease, inflammatory and infectious eti- 
ologies, and radiation therapy. Treatment includes surgical 
direct revascularization options such as MCA to STA bypass 
or indirect revascularization options such as EDAS 
(encephaloduroarteriosynangiosis). 


5.3.4.6 Reversible Cerebral Vasoconstriction 
Syndrome 

Reversible cerebral vasoconstriction syndrome is character- 
ized by rapid onset of frequently recurrent thunderclap head- 
aches and cerebral vasospasm that resolves by 12 weeks. The 
syndrome occurs most frequently in young to middle age adult 
females and is associated with pregnancy, migraines, and the 
use of vasoactive drugs such as triptans, amphetamines, selec- 
tive serotonin reuptake inhibitors, and cocaine. CTA, MRA, 
and DSA show smooth, tapered narrowing of large- to 
medium-sized arteries (first- and second-order branches) fol- 
lowed by abnormally dilated segments or a beaded appearance 
distal to the stenoses (Fig. 5.7). Lobar hemorrhages occur in 
up to 20%, subarachnoid hemorrhage at the cerebral convexity 
in up to 35%, border zone infarctions in nearly 30%, and corti- 
cal and subcortical vasogenic edema in nearly 40% [18]. Of 
note, FLAIR identifies the extent of edema, DWI readily dif- 


Fig. 5.7 Multiple entities with parenchymal hematomas and underly- 
ing vascular lesion on CTA or MRA Patient 1 with moyamoya, Column 
a—tThe top image shows left caudate head hemorrhage with extension 
into the lateral and third ventricles. The lower image shows severe 
attenuation of the bilateral M1 and Al segments with collateral vessels. 
Patient 2 IV drug abuser with mycotic pseudoaneurysm, Column b— 


ferentiates between vasogenic and cytotoxic edema, FLAIR 
sulcal hyperintensity can reflect subarachnoid hemorrhage or 
slow flow in collateral vessels and SWI can delineate the 
extent of hemorrhage. Vessel wall imaging typically shows 
uniformly thickened wall that does not enhance. Treatment 
includes calcium channel blockers and 90% of patients recover 
without persistent neurologic deficits. 


5.3.4.7 Miscellaneous 
Infections 


Intracranial infections can lead to intraparenchymal hemor- 
rhage due to arterial invasion with mycotic aneurysm forma- 
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The top image shows a left temporal parenchymal hematoma. The 
lower image shows an underlying distal MCA mycotic pseudoaneu- 
rysm. Patient 3 with reversible cerebral vasoconstrictive syndrome, 
Column c—The top image shows right posterior frontal intraparenchy- 
mal and subarachnoid hemorrhage. The middle and lower images show 
stenoses (arrows) in bilateral MCA branches 


tion and rupture. Mucormycosis and aspergillosis are 
angioinvasive fungal infections that occur in the sinonasal 
cavity. They can directly invade the skull base with spread to 
the circle of Willis leading to basilar meningitis, pseudoan- 
eurysm formation, basal ganglia hemorrhages, infarctions, 
and abscesses. Bacterial organisms associated with infec- 
tious endocarditis can spread hematogenously to gray—white 
matter junctions where infection leads to peripheral pseudo- 
aneurysm formation, lobar hemorrhages, infarctions, and 
abscesses. While varicella vasculopathy is typically associ- 
ated with vascular narrowing and ischemic infarctions, aneu- 
rysms can form and result in intraparenchymal or 
subarachnoid hemorrhage. 
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Primary CNS Vasculitis 

Primary CNS vasculitis occurs most frequently in middle 
age males and is thought to result from T-cell mediated 
inflammation of medium and small brain parenchymal and 
leptomeningeal arteries. Common presenting symptoms are 
headache, encephalopathy, strokes, and seizures. Common 
imaging findings include proximal and/or distal stenoses in 
60%, parenchymal hemorrhages and hemorrhagic infarc- 
tions, strokes of different ages in different vascular distribu- 
tions, leptomeningeal enhancement, subarachnoid 
hemorrhage at the cerebral convexities, and concentric ves- 
sel wall enhancement [19]. Treatment is with steroids and 
cytotoxic agents. Systemic vasculitides can have similar 
CNS findings but are distinguished by their involvement of 
multiple organ systems. 


Dural AV Fistula 

Dural arteriovenous fistulas (AAVFs) are acquired vascular 
malformations in which there are abnormal connections 
between arteries that typically supply the meninges and the 
dural venous sinuses. Symptoms depend on the fistula loca- 
tion and whether or not there is brain edema or hemorrhage 
and include pulsatile tinnitus, cranial nerve palsies, orbital 
symptoms (cavernous carotid fistulas), and focal neurologic 
deficits. In one large study, approximately 24% of patients 
had intracranial hemorrhage with 52% having isolated intra- 
parenchymal hemorrhage, 22% having isolated SAH, and 
23% having both [20]. The fistula involved the tentorium, 
petrosal sinuses, torcular, transverse sinuses, and/or fora- 
men magnum in 66%. The IPH was usually located near the 
point of fistulization in the cerebellum or medial temporal 
or occipital lobes. The risk of hemorrhage is higher when 
there is cortical venous drainage, and nearly all patients 
with dural AVF and intracranial hemorrhage have cortical 
venous reflux. Time-resolved CTA and MRA are over 90% 
sensitive for detecting dural AVF [21]. CTA and MRA find- 
ings include enlarged internal carotid, external carotid or 
meningeal arteries, enlarged transosseous vessels, an abnor- 
mal dural venous sinus (abnormal channels, early filling, 
and arterialized flow), and dilated cortical and meningeal 
veins. These abnormal vessels can also be visualized as 
abnormal flow voids on T2WI. SWI images may show intra- 
parenchymal, subarachnoid, intraventricular, or subdural 
hemorrhage. Brain parenchymal edema (best seen on 
FLAIR images) may also be present. The Cognard and 
Borden scales address the type of venous drainage which 
predict the future risk of hemorrhage. 


61 


Pres 

Posterior Reversible Encephalopathy Syndrome is a neuro- 
toxic state characterized by loss of autoregulation and dis- 
ruption of the blood-brain barrier due to acute changes in 
blood pressure and/or circulating toxins. Typical presenting 
symptoms are headache, seizures, encephalopathy, and 
visual changes. Key imaging findings are FLAIR/T2 hyper- 
intense edema in the parietal and occipital subcortical white 
matter and cortex and/or in a borderzone distribution. 
Affected regions can have parenchymal hemorrhages in up 
to 15% and infarctions characterized by restricted diffusion 
in 10-25% [22]. CTA, MRA, and DSA can show foci of 
vasoconstriction, vasodilation, or both (a beaded 
appearance). 


5.3.5 Entities with No Underlying Vascular 
Abnormality on CTA or MRA 


When a patient presents to the emergency room with a lobar 
hemorrhage, they typically undergo CT angiography scan- 
ning. In approximately 85%, the CTA or MRA does not 
demonstrate a causative vascular lesion. The most common 
intraparenchymal hemorrhages in this situation result from 
hypertension, cerebral amyloid angiopathy, coagulopathy, or 
underlying tumor. 


5.3.5.1 Cerebral Amyloid Angiopathy 

Cerebral amyloid angiopathy is a cerebrovascular disease that 
results from deposition of cerebral amyloid-B peptide in the 
walls of small leptomeningeal and cortical vessels. CAA is 
the cause of up to 50% of spontaneous intracerebral hemor- 
rhages in patients older than 65 years of age, and the inci- 
dence increases with age. For example, approximately 5-9% 
of people between ages 60 and 69 have amyloid deposition at 
autopsy while 43-58% of people over 90 years of age have 
amyloid deposition at autopsy [23]. Common presentations 
are headache, focal neurologic deficits, seizures, and cogni- 
tive impairment. The Boston criteria 2.0 (Table 5.3) combine 
clinical, radiographical, and pathological criteria to determine 
the probability of diagnosis [24]. Key imaging features are 
lobar hemorrhage, microhemorrhages at gray—white matter 
junctions, leptomeningeal hemorrhage and hemosiderosis, 
periventricular leukoencephalopathy,  cortical/subcortical 
lacunes, and prominent perivascular spaces (Fig. 5.8). 
Inflammatory CAA has additional findings of leptomeningeal 
enhancement and vasogenic edema and tends to present at a 
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Table 5.3 Boston Criteria 2.0 for sporadic cerebral amyloid angiopathy 


1. Definite CAA Full post-mortem examination demonstrating: 
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e Presentation with spontaneous ICH, TFNEs, cSAH, or Cl/dementia 


e Severe CAA with vasculopathy 
e Absence of other diagnostic lesion 
2. Probable CAA 
with supporting 
pathology e Some degree of CAA in specimen 
e Absence of other diagnostic lesion 
Clinical data and MRI demonstrating 
e Age > 50 years 


3. Probable CAA 


Clinical data and pathologic tissue (evacuated hematoma or cortical biopsy) demonstrating: 
e Presentation with spontaneous ICH, TFNEs, cSAH, or Cl/dementia 


e Presentation with spontaneous ICH, TFNEs, or Cl/dementia 
e >2 of the following strictly lobar hemorrhagic lesions on T2* weighted MRI, in any combination — ICH, CMB, cSS/ 


cSAH foci 
OR 


e 1] lobar hemorrhagic lesion +1 white matter feature (severe CSO-PVS or WMH-MS) 
e Absence of any deep hemorrhagic lesions (ICH, CMB) on T2*- weighted MR 


e Absence of other cause of hemorrhagic lesions 


e Hemorrhagic lesion in cerebellum not counted in either lobar or deep hemorrhagic lesion 


Possible CAA Clinical data and MRI demonstrating 


e Age > 50 years 


e Presentation with spontaneous ICH, TFNEs, or Cl/dementia 


e Absence of other cause of hemorrhage 


e 1 strictly lobar hemorrhagic lesion on T2* weighted MRI: ICH, CMB, cSS/cSAH focus 


OR 


e | white matter feature (severe CSO-PVS or WMH-MS) 
e Absence of any deep hemorrhagic lesions (ICH, CMB) on T2*- weighted MR 


e Absence of other cause of hemorrhagic lesions 


e Hemorrhagic lesion in cerebellum not counted in either lobar or deep hemorrhagic lesion 


ICH intracranial hemorrhage, TFNE transient focal neurologic episode, cSAH convexity subarachnoid hemorrhage, CI cognitive impairment, CMB 
cerebral microbleed, cSS cortical superficial siderosis, CSO-PVS visible centrum semiovale perivascular spaces, WMH-MS white matter hyperin- 


tensities in a multispot pattern 


slightly younger age. CAA is most commonly sporadic but 
numerous rare hereditary types, that are typically autosomal 
dominant and present in middle age, have also been described. 


5.3.5.2 Hypertensive Hemorrhage 

Long standing, poorly controlled hypertension is the most 
common cause of intracranial hemorrhage. Patients develop 
hypertensive vasculopathy characterized by lipohyalinosis in 
small- and medium-sized vessels such as the lenticulostriate, 
thalamoperforating, and pontine perforating arteries as well 
as cerebellar arterioles. Hemorrhages result from the rupture 
of microaneurysms with a rebleed rate of 2% per year, and 
most frequently occur in the basal ganglia (35-40%), thal- 
ami (10-20%), pons (5—10%), and cerebellum (5—10%) [25] 
(Fig. 5.9). Hemorrhages occasionally occur in the subcorti- 
cal white matter (1-2%). Presenting symptoms vary depend- 
ing upon the hemorrhage location. Microhemorrhages and 
lacunar infarctions in the deep gray nuclei, brainstem and 
cerebellum, and diffuse leukoaraiosis support the diagnosis. 


5.3.5.3 Cavernous Malformation 
Cavernous malformations are composed of clusters of 
hyalinized thin-walled capillaries with surrounding hemo- 


siderin. The majority are sporadic and remain asymptom- 
atic. Symptomatic lesions typically present between ages 
40 and 60 with headache, seizures, or focal neurologic 
deficits. Ten to thirty percent are multiple and seen in 
association with familial multiple cavernous malforma- 
tion syndrome for which mutations in the KRIT1, CCM2, 
and PDCD10 genes have been identified. Cavernous mal- 
formations can also develop after radiation therapy. On 
CT, cavernous malformations are usually mildly hyper- 
dense with foci of calcification in 40-60%. On MRI, they 
have a variable appearance depending on the stage of 
internal blood products with a central “popcorn appear- 
ance,” characterized by foci of T1 hyperintensity and 
isointensity and T2 hyperintensity and hypointensity [26] 
(Fig. 5.10). They typically have a smooth, complete 
hemosiderin rim that is hypointense on T2 WI. Lesions 
show marked blooming on SWI images. In addition, SWI 
images detect small lesions that are not seen on other MRI 
sequences. Cavernous malformations may enhance due to 
leakage of contrast into them and may have surrounding 
edema if they have recently bled. Cavernous malforma- 
tions are occasionally associated with developmental 
venous anomalies. 
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Fig. 5.8 A 70-year-old female with right-sided weakness and amyloid on gadolinium-enhanced T1-weighted images (d) and blooms on SWI 
angiopathy. There is an acute parenchymal hematoma in the left parietal (e). SWI images (e and f) show microhemorrhages at gray—white matter 
lobe that isointense on T1-weighted images (a), hypointense on T2 (b), junctions as well as hemosiderosis in left frontal sulci 

and FLAIR (c) weighted images, does not show and underlying lesion 


. O 


Fig. 5.9 A 53-year-old female with unsteady gait, confusion, and (b and c) confirm hemorrhage in the left thalamus and ventricles and 
hypertensive hemorrhages. Noncontrast CT (a) shows acute hemor- show microhemorrhages in the cerebellum, pons, and deep gray nuclei 
rhage in the left thalamus with intraventricular extension. SWI images 


Fig. 5.10 A 50-year-old male with left-sided weakness and a cavern- 
ous malformation with a “popcorn” appearance. There is a hemorrhagic 
mass in the right basal ganglia and right frontal lobe characterized by 
heterogeneous signal on T2 (a) and T1 (c) weighted images with foci of 
T1 hyperintensity consistent with methemoglobin. There is blooming 
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on the GRE images (b) due to the subacute and chronic products of 
hemorrhage. A smooth, complete hemosiderin rim is seen on T2 and 
GRE (b) images. There is no enhancement on gadolinium-enhanced 
T1-weighted images (d) 
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5.3.5.4 Tumoral Hemorrhage 

Approximately 5% of intraparenchymal hemorrhages are 
secondary to intratumoral or peritumoral hemorrhage. 
Intratumoral hemorrhage may result from rupture of tumoral 
blood vessels, tumoral invasion of parenchymal blood ves- 
sels, and tumor necrosis. Intratumoral or peritumoral hemor- 
rhage can also result from radiation therapy or chemotherapy. 
Other risk factors include hypertension, anticoagulation, and 
advanced age. Tumors most commonly associated with 
intratumoral hemorrhage are high grade primary tumors 
such as high grade glial neoplasms, and metastases, most 
commonly from breast carcinoma, melanoma, renal cell car- 
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cinoma, thyroid carcinoma, and choriocarcinoma. 
Thrombotic tumor emboli from atrial myxoma, thrombotic 
coagulopathy, and venous sinus thrombosis from tumor inva- 
sion or malignancy induced coagulopathy may also result in 
intraparenchymal hemorrhage in cancer patients. Imaging 
findings that suggest an underlying tumor include: (1) 
enhancing tissue, (2) delayed evolution of the products of 
hemorrhage, (3) an incomplete hemosiderin rim, (4) the 
presence of multiple foci of susceptibility, (5) the presence of 
fluid fluid levels or blood-cystic necrotic levels, and (6) the 
presence of a disproportionately large amount of edema 


(Fig. 5.11). 


Fig. 5.11 A 65-year-old female with acute right-sided weakness and a 
hemorrhagic breast carcinoma metastasis. Noncontrast CT (a) shows 
parenchymal hemorrhage in the left basal ganglia and external capsule 
with surrounding edema. The hemorrhage is heterogenous with hyper- 
intense foci on T1-weighted images (b) consistent with methemoglobin 


and hypointense foci on T2-weighted images, consistent with deoxyhe- 
moglobin or intracellular methemoglobin (c). Following the adminis- 
tration of gadolinium (d), there is patchy enhancement confirming the 
presence of an underlying mass. GRE images (e) show blooming con- 
sistent with hemorrhage 
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5.3.5.5 Coagulopathy 

Approximately, 0.3—0.6 percent of patients on oral antico- 
agulant therapy have intracranial hemorrhage, most com- 
monly in an intraparenchymal lobar or cerebellar location 
[27]. Large or multiple synchronous hemorrhages, the pres- 
ence fluid-fluid levels, and intraventricular extension are 
characteristic features of both congenital and acquired coag- 
ulation disorders. In addition, hemorrhages due to coagu- 
lopathy have an increased incidence of ongoing bleeding. 


5.3.5.6 Hemorrhagic Encephalitis 

Herpes simplex virus is a necrotizing meningoencephalitis 
that occurs due to latent reactivation in the case of immuno- 
suppression or other stress. It typically involves the limbic 
system in a bilateral asymmetric distribution. Typical imag- 
ing findings include FLAIR/T2 hyperintense edema in the 
medial temporal lobes, insula, and cingulate gyri with areas 
of restricted diffusion due to cytotoxic edema, and blooming 
on SWI due to hemorrhage. Gyriform enhancement is pres- 
ent in the subacute stage. Other viruses that may cause hem- 
orrhagic encephalitis include the flaviviruses (dengue, 
Japanese, Murray Valley, Powassan, St Louis, Rocio, and 
West Nile) and Epstein-Barr virus that typically involve the 
basal ganglia, thalami, and brainstem in varying patterns. 


Key Points #3 

e Common causes of lobar IPH without underlying 
vascular abnormality on CTA are amyloid angiopa- 
thy, coagulopathy, and underlying tumor and cay- 
ernous malformations in younger patients. The 
presence of microhemorrhages, underlying 
enhancement or a “popcorn appearance” can help 
differentiate these entities. 

e Deep gray nuclei, brainstem, and cerebellar intrapa- 
renchymal hemorrhages without underlying vascu- 
lar abnormality on CTA are most commonly caused 
by hypertension. Associated microhemorrhages and 
lacunar infarcts are common. 


Key Points #4 

e Common causes of IPH with underlying vascular 
abnormality on CTA are AVM, cerebral venous 
sinus thrombosis, and hemorrhagic transformation 
of acute ischemic stroke. 

e AVMs have abnormal flow voids on T2W1 as well 
as a feeding artery, nidus, and early venous opacifi- 
cation on CTA. 


P. W. Schaefer and M. Edjlali 


e Cerebral venous sinus thrombosis is characterized 
by hyperdense vein or sinus on CT, and lack of flow 
void on T2WI. CTA and MRV are highly accurate 
for detection. 

e Hemorrhagic transformation of ischemic stroke 
occurs in a vascular territory and is associated with 
large vessel occlusion. 


5.4 Other Hemorrhage 


5.4.1 Microhemorrhage 

Microhemorrhages are punctate brain hemorrhages which 
result from rupture of tiny vessels measuring less than 
200 um in diameter and are best seen on SWI images. As 
mentioned above, they are most commonly seen in a periph- 
eral distribution in association with amyloid angiopathy or 
concentrated in the deep gray nuclei, brainstem, and cere- 
bellum in association with hypertension. Multiple microhe- 
morrhages are also seen in patients with familial cavernous 
malformations, CADASIL in 25-70% of cases, history of 
cardiac bypass surgery, cerebral vasculitis, hemorrhagic 
micrometastases, fat emboli, septic emboli, and radiation 
induced cerebral vasculopathy. Microhemorrhages have 
also been reported in critically ill patients with acute respi- 
ratory distress syndrome, high altitude sickness, and Covid 
19 who have coagulation impairment and thrombotic 
microangiopathy. 


5.4.2 Subdural and Epidural Hemorrhage 


Subdural and epidural hemorrhage are usually associated 
with head trauma. However, they may occur spontaneously 
in patients who are receiving anticoagulants or antiplatelet 
therapy. They can also occur in patients with coagulopathies, 
dural and osteodural arteriovenous fistulas, intracranial 
hypotension, and dural or calvarial metastases. 


5.5 Blood Mimics 


5.5.1 OnCT 

Distinguishing between acute hemorrhage and hyperattenu- 
ating mimics poses a common challenge on CT in neuroradi- 
ology. Certain materials with high atomic numbers, such as 
iodine, calcium, and silicone oil, can exhibit similar attenua- 
tion levels to acute blood components, depending on their 
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concentration. Dual-energy CT offers a solution to differen- 
tiate between hemorrhage and these high atomic number 
materials due to their distinct absorption patterns of X-ray 
photons at different incident energy levels. 


5.5.2 OnMR 


Fat and blood both appear hyperintense on TIW and T2W FSE 
sequences. Relying solely on these conventional sequences to 
distinguish between the two is insufficient. However, fat-sup- 
pressed sequences can help determine the correct diagnosis. 
The Gradient Echo (GRE) and susceptibility-weighted imag- 
ing (SWI) sequences, utilizing T2*W-based contrast, are typi- 
cally employed for the detection of hemorrhage, calcification, 
and iron accumulation in different tissue types. Since these 
entities all show low signal on GRE and SWI., differentiating 
between them can be a genuine challenge. SWI filtered phase 
images can be useful since hemosiderin and deoxyhemoglobin 
(both paramagnetic) have signal that is opposite to that of cal- 
cium (diamagnetic). Additionally, it is worth noting that two 
other etiologies, proteinaceous cysts (e.g., colloid cysts) and 
dense cell packing (lymphoma), can be hyperintense on 
T1-weighted images and mimic methemoglobin. 


5.6 Conclusion 

Neuroimaging plays an essential role in management of 
intracranial hemorrhage. It allows the identification and 
characterization of intracranial hemorrhage according to 
location, volume, extent, and age. In conjunction with patient 
demographics, neuroimaging allows the determination of 
underlying etiology and is a cornerstone for determining 
prognosis and appropriate treatment. 


Take-Home Messages 

e The imaging characteristics of intracranial hemor- 
rhages vary predictably over time for both CT and 
MRI. 

e For SAH, the etiology can be determined by loca- 
tion and findings on CTA. FLAIR is more sensitive 
than NCCT. The Modified Fisher Grade predicts 
the risk of vasospasm. 

e For IPH without an underlying vascular abnormal- 
ity on CTA or MRA, amyloid angiopathy (with 
lobar IPH, peripheral microhemorrhages, and 
hemosiderosis) and hypertension (with deep gray 
nuclei, brainstem, or cerebellar IPH and microhem- 
orrhages) are common etiologies. 
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e For IPH with abnormal vessels on CTA, common 
etiologies are AVM (with feeding artery, nidus and 
arterialized vein), cerebral venous sinus thrombosis 
(with hyperdense vein or sinus that doesn’t opacify 
on CTA), hemorrhagic transformation of ischemic 
stroke (with large vessel occlusion), dural AVF 
(with a direct connection between feeding artery 
and vein), and moyamoya (with severe stenosis of 
the distal ICAs and proximal ACAs and MCAS) are 
relatively common etiologies. 

e Calcification and other materials with high atomic 
numbers can mimic hemorrhage on NCCT. Dual 
energy CT can help differentiate these entities. 
Calcification, proteinaceous material, melanin, 
iron, and dense cell packing can mimic hemorrhage 
on MRI. SWI-filtered phase images can sometimes 
help differentiate calcification from hemorrhage. 
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Intracranial Infection and Inflammation 
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Abstract 


Although uncommon compared to traumatic and cerebro- 
vascular disease, radiologists should recognize the typical 
imaging features of meningitis, abscess, and encephalitis; 
and be aware of autoimmune mimics. DWI, SWI, and 
vessel wall imaging are useful advanced MRI techniques 
for problem-solving. 
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Learning Objectives 

e To review basic cranial MRI features of common 
CNS infections. 

e To recognize typical imaging patterns of meningi- 
tis, abscess, and encephalitis. 

e To apply imaging features that may differentiate 
different infections and non-infectious mimics. 

e To identify imaging findings in autoimmune brain 
diseases. 

e To evaluate the role of radiologists and the impor- 
tance of multidisciplinary teams. 
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Key Points 

e DWI, SWI, and vessel wall imaging are useful 
advanced pulse sequences, whilst MR perfusion 
and spectroscopy may be used judiciously for 
problem-solving. 

e Meningeal enhancement and subarachnoid pus col- 
lections are typical of infectious meningitis. 

e Ring enhancing lesions with restricted diffusion on 
DWI are characteristic of untreated pyogenic 
abscess. 

Hippocampal swelling and increased signal may be 
caused by herpes simplex virus type 1 encephalitis 
or LGI1-antibody encephalitis. 


6.1 Approach to CNS Infection 
CNS infections are uncommon diseases (compared to 
trauma, cerebrovascular disease) in the casemix of a typical 
modern metropolitan hospital or university radiology prac- 
tice. Radiologists infrequently receive imaging requests to 
rule out or to assess complications in patients with the classic 
clinical triad of fever, nuchal rigidity, and altered mental sta- 
tus characteristic of meningism. Often, CNS infection is an 
unexpected differential diagnosis or missed diagnosis in 
unsuspected patients being investigated for cortical swelling, 
abnormal ring, or meningeal enhancement, where the clini- 
cal diagnosis is stroke, tumour, or other diseases. Finally, in 
some instances, typical imaging features characteristic of 
CNS infection may be caused by unexpected non-infectious 
diseases, such as LGI1 autoimmune encephalitis being mis- 
taken for herpes simplex virus type 1 (HSV-1) encephalitis. 
Hence, radiologists should have a good grasp of typical 
features and differential diagnosis of CNS infections; 
although infections can be classified by taxonomy of caus- 
ative organism (viral, bacterial, fungal), this chapter will 
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focus on imaging patterns on CT and MRI. This broad sweep 
is not exhaustive and includes a section on inflammatory dis- 
eases, especially as they pertain to differential diagnosis of 
infections. With the worldwide trends of warming tempera- 
tures, travel and migration, outbreaks of pandemic COVID-19 
and other organisms, we are reminded of the importance of 
this topic. 


6.2 MRI Technique 
CT yields limited information, and MRI is more sensitive 
and specific for features of CNS infection. Contrast injection 
should be routine in suspected infection if there are no con- 
traindications, and DWI (with high lesion to normal contrast 
and sensitivity) can be routinely added to conventional T1-, 
T2-weighted images, and FLAIR. High-resolution, thin- 
section 3D sequences such as constructive interference in 
steady state (CISS), fast imaging employing steady state 
acquisition (FIESTA), and FLAIR images allow visualiza- 
tion of small structures such as parasitic scolex, cranial 
nerves, and capsule wall details. MR angiography and 
venography can be included to assess ischemic and 
thrombotic complications. More recently, during the COVID- 
19 pandemic, susceptibility-weighted imaging (SWI) has 
been helpful to detect tiny focal microhaemorrhages. 
Advanced MRI techniques including perfusion-weighted 
images (using DSC or ASL techniques) and MR spectros- 
copy may be helpful in problem-solving if used judiciously, 
especially since patients that are recalled after an initially 
ambiguous study can be hemodynamically unstable and 
require sedation or monitoring in the MRI suite. Point-of- 
care MRI using low-field scanners has shown promise. 
Radionuclide studies and PET have not been widely used in 
clinical practice although '*F-fluorodeoxyglucose (F-FDG) 
typically reveals that infections generally have lower meta- 
bolic activity than tumours. 


6.3 Meningitis 


6.3.1 Imaging Features of Meningitis 

In patients with suspected meningitis, CSF analysis after 
lumbar puncture (LP) is necessary to diagnose the respon- 
sible pathogen(s) and determine antimicrobial sensitivity 
for bacterial meningitis; imaging is adjunctive, but does 
not replace LP. Typical pyogenic bacteria result in neutro- 
philic pleocytosis, elevated protein, and low glucose 
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(fungi cause very high opening pressure but normal glu- 
cose), and viruses usually cause lymphocytic pleocytosis 
and normal glucose. Acute lymphocytic meningitis of 
viral origin is usually benign and self-limited. Eosinophilic 
meningitis, defined by >10% eosinophil or >10 eosino- 
phils per cubic millimetre of CSF, is typically a marker of 
helminthic parasite disease. Often, CT request to rule out 
raised intracranial pressure before an LP is the result of an 
abundance of caution, but this can also lead to a false 
sense of security. 

CT typically shows diffuse cereal swelling, effaced sub- 
arachnoid spaces (especially basal cisterns), and dilated ven- 
tricles. Unenhanced MRI more sensitively shows the 
corresponding abnormal signal from elevated protein in 
infectious exudates as increased signal on FLAIR images or 
DWI (Fig. 6.1) [1, 2]. Sometimes, DWI may be the only 
images that detect subtle, tiny amounts of pus within the sub- 
arachnoid space and ventricles. 

Gadolinium contrast extravasation into the subarachnoid 
space due to increased permeability of the blood-brain bar- 
rier, resulting in characteristic leptomeningeal enhancement 
in meningitis. This is visible particularly in the depth of cere- 
bral sulci and cisterns, sometimes extending to the larger cra- 
nial nerve surfaces as either thin, linear serpentine 
enhancement (over cerebral convexity in typical viral/pyo- 
genic bacterial meningitis) or thicker, irregular, nodular 
enhancement (often involving the basilar cisterns in tubercu- 
lous meningitis). The difference between leptomeningeal 
(extending into the sulcal depths and filling the subarachnoid 
spaces and cisterns) and pachymeningeal (thick “felt-tip 
pen” enhancement limited to the outer, dural surface either 
focally or diffusely) features can be seen in Fig. 6.2. 
Leptomeningeal enhancement is often better demonstrated 
using post-contrast 3D T2-FLAIR than conventional 
T1-weighted sequences (Fig. 6.3) [3]. 


6.3.2 Differential Diagnosis of Meningitis 


On MRI, with its multiple different tissue characterisation on 
different pulse sequences, differential diagnosis can some- 
times be difficult. Mimics of leptomeningitis include sub- 
arachnoid haemorrhage (which typically shows high signal 
on T1-weighted images and low signal on gradient-recalled 
echo/SWI), leptomeningeal carcinomatosis, administration 
of oxygen and drugs. Differentials for pachymeningeal 
enhancement include post-surgery and post-LP states, spon- 
taneous intracranial hypotension, non-infectious granuloma- 
tous diseases, and tumours. 
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Fig. 6.1 Diffusion-weighted MRI abnormalities in meningitis. 
(Reprinted with permission from Thurnher, M.M., Sundgren, P.C. 
(2020). Intracranial Infection and Inflammation. In: Hodler, J., Kubik- 


Key Points 

e Post-contrast 3D T2-FLAIR is very sensitive for 
infectious leptomeningitis. 

e Leptomeningitis and pachymeningitis show differ- 
ent enhancement patterns. 

e Hyperintensity on DWI is sensitive to tiny amounts 
of pus and is characteristic in untreated pyogenic 
abscess. 

e Radiologists should search for causes and compli- 
cations of meningitis, MRA and MRV may be 
helpful. 


6.3.3 Causes and Complications 
of Meningitis 


On MRI, features of causes and complications of meningitis 
should be sought. Of the main routes of infectious spread, 
direct inoculation from traumatic or iatrogenic injury/surgi- 
cal interventions is often visible. Local extension into the 
cranium from adjacent sinusitis, otitis media/mastoiditis, 
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dental, head and neck infection should be included in the 
radiological search pattern, as well as along cranial nerves. 
However, the most common source of spread is via hematog- 
enous route, and a high index of suspicion is needed in 
patients with a clinical history of immunosuppression, diabe- 
tes, alcoholism, congenital heart disease, pulmonary 
arteriovenous malformation or abscess, intravenous drug 
use, or bacterial endocarditis. 

The most important complication of meningitis is cere- 
bral abscess (see Sect. 6.4.1), which represents an important 
change in management often resulting in surgical referral for 
drainage for large lesions. Extra-axial fluid collections may 
also be seen, representing sterile subdural effusions or puru- 
lent empyema (which demonstrate diffusion restriction like 
cerebral abscess), empyema can be life-threatening and 
should be surgically drained. Hydrocephalus can result from 
disturbed CSF resorption or mass lesions compressing nor- 
mal drainage pathways and if severe, can lead to brain her- 
niation; this is especially important in tuberculous meningitis. 
Vascular complications including venous sinus thrombosis, 
vasculitic occlusion, and subsequent infarction, typically 
result from syphilis, tuberculosis, and angioinvasive asper- 
gillosis (see Sect. 6.6.3). 
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Fig. 6.2 Patterns of meningeal contrast enhancement (white outlines). 
Normal meninges (a). Diffuse pachymeningeal (b). Diffuse leptomen- 
ingeal (c) and localized leptomeningeal (d). Gyriform cortical (e). Feb;33(1):11—41) 
Ependymal (f). (Reprinted with permission from Duong MT, Rudie JD, 
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Fig. 6.3 Superiority of post-contrast 3D T2-FLAIR (top row) to post- 
contrast Tl WI (bottom row) in the detection of leptomeningeal enhance- 
ment. (Reprinted with permission from Thurnher, M.M., Sundgren, P.C. 


6.4 Brain Abscess 


6.4.1 MRI Features of Diagnosis of Brain 
Abscess 


Mature pyogenic brain abscesses have a characteristic MRI 
appearance. There is typically central high signal with a 
smooth, thin, circumferential low-signal capsule on 
T2-weighted images (central low signal with high-signal rim 
on T1-weighted images), and prominent ring-like enhance- 
ment with surrounding white matter T2 prolongation from 
vasogenic oedema. If cerebral abscesses are introduced via 
hematogenous spread, they are typically located at the grey— 
white junction within middle cerebral artery territories bilat- 
erally. Although abscess is preceded by cerebritis (poorly 
defined brain inflammation with increased vascular permea- 
bility but without capsular neovascularization or angiogene- 
sis), this is rarely detected by imaging studies. Left untreated, 
a vascularized, collagenous capsule forms and is accompa- 
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nied by a central abscess cavity of purulent exudate and sur- 
rounding vasogenic oedema. 

On DWI, diffusion restriction is the hallmark feature of 
untreated pyogenic abscesses: proteinaceous, purulent debris 
comprising bacterial and inflammatory exudate have high 
viscosity, showing high signal on DWI and low signal on 
ADC maps (this feature can be useful to distinguish abscess 
from necrotic high-grade glioma, which typically do not 
show diffusion restriction) (Fig. 6.4). This feature becomes 
less prominent after antibiotic treatment. Usually, the medial 
or ventricular wall is thinner than the lateral wall due to 
poorer blood supply, and predisposes to rupture into the ven- 
tricle, causing ventriculitis. SWI sometimes shows the “dual 
rim sign” of concentric circles (hypointense outer layer and 
hyperintense inner layer), which may be incomplete. 

MR spectroscopic profile of pyogenic abscess includes 
peaks representing branched chain amino acids valine, leucine, 
isoleucine (at 0.9 ppm), and succinate (2.4 ppm). In anaerobic 
abscesses, elevated acetate (1.9 ppm) is often seen (Fig. 6.5). 
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Fig.6.4 DWI in cerebral abscess. Post-contrast T1-weighted and T2-weighted images are similar in a patient with cerebral abscess (top row) and 
another patient with metastatic cancer (bottom row). On DWI, high signal in the abscess cavity is distinguishable from low signal in metastasis 


6.4.2 Differential Diagnosis of Ring 
Enhancing Lesions 


Problem-solving in the assessment of ring enhancing lesions 
can benefit from history (immunocompromise, endemic/ 
travel history, primary cancer), physical examination (fever), 
imaging features (incomplete ring, multiplicity, shape, and 
location), and advanced MRI techniques. Although MR 
spectroscopy can show elevated choline (at 3.2 pm) in neo- 
plasms, necrotic tumours with predominant lipid and lactate 
peaks (at 1.3 ppm) may not be easily distinguishable. 
Decreased perfusion is usually seen in the central cavity and 
capsule; rarely, high rCBV may be seen in the vascularized 
abscess capsule, mimicking neoplasia; especially in granulo- 
matous disease, which can mimic neoplasia on advanced 
MRI techniques. A combined approach with multidisci- 
plinary team conference would be most helpful for manage- 
ment decision-making. 


Key Points 


Differential diagnosis of ring enhancing lesions. 

— Pyogenic abscess. 

— Tuberculoma/tuberculous abscess. 

— Fungal abscess. 

— Toxoplasmosis. 

— Parasites (especially neurocysticercosis, see 
Sectio Sni). 

— Metastatic tumour. 

— Primary glioma, lymphoma. 

— Subacute infarct. 

— Contusion/hematoma. 

— Demyelination. 
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Fig.6.5 Advanced MRI in cerebral abscess. Post-contrast T1-weighted 
image shows typical ring enhancement (a), with increased signal on 
DWI (b) and decreased ADC (c) and mixed increased signal on 
T2-weighted images (d). Perfusion MRI (blue in e) shows decreased 
relative cerebral volume in both the cavity and walls. MR spectroscopy 
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(f) with long echo time of 144 ms shows low choline (Cho, 3.2 ppm), 
creatine (Cr, 3.0 ppm), N-acetyl aspartate (NAA, 2.0 ppm), and a large 
inverted W lactate (Lac, 1.4 ppm) and lipid (0.9 ppm) peaks. Note the 
acetate peak (arrow) at 1.9 ppm which is the anaerobic breakdown 
product of NAA 
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6.5 Parasitic Diseases 

Although unicellular (amoeba, toxoplasmosis, see Sect. 
) and multicellular (helminths such as schistosomiasis) 

parasites are uncommon in the developed world, these are 

important diseases in endemic areas and can be seen with 

increasing frequency due to travel and migration. Common 


features of helminthic infection include eosinophilia and dif- 
fering features according to parasite life cycle. 


6.5.1 Neurocysticercosis 


Cysticercal infection is endemic in many parts of Asia, 
Africa, and Central/South America, and CNS cysticercosis is 


Fig. 6.6 Neurocysticercosis: 
Post-contrast T1-weighted 
images shows a ring 
enhancing left temporal lobe 
vesicular-colloidal cyst with 
surrounding vasogenic 
oedema (arrow). A second, 
non-enhancing vesicular 
lesion without oedema is seen 
in the right basal ganglia 
(arrowhead) 


Fig. 6.7 Unenhanced CT 
shows an isodense left frontal 
lobe lesion surrounded by 
vasogenic oedema. Multiple 
concomitant chronic calcific 
nodular lesions are seen in the 
rest of the brain, consistent 
with neurocysticercosis 
infection in different stages 
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the commonest cause of seizures and CSF eosinophilia 
worldwide. Four classic stages can be seen; the vesicular 
stage typically shows a non-enhancing cyst which is iso- 
signal to CSF, with a T2 hypointense, FLAIR hyperintense, 
and enhancing scolex visible on high-resolution thin-section 
3D MRI FLAIR/CISS sequences. The vesicular-colloidal 
stage (Fig. 6.6) results in complex increased cyst signal on 
T1-weighted and FLAIR images with ring enhancement and 
surrounding oedema (often mimicking abscess or metastasis, 
unless concomitant non-enhancing vesicular cysts or non- 
enhancing calcific nodular stages are recognized during 
visual search). The cyst becomes smaller during the granular 
nodular stages with signal changes from calcification; the 
final non-enhancing calcific nodular stage shows mineraliza- 
tion without surrounding oedema (Fig. 6.7). 


6 Intracranial Infection and Inflammation 


6.6 HIV Infection and Specific Organisms 
HIV positive patients can present with a wide range of com- 
plications, including opportunistic infections, lymphoma, 
progressive multifocal leukoencephalopathy (PML, see Sect. 
6.7.3), CD8 encephalitis, and immune reconstitution inflam- 
matory syndrome (IRIS) [4]. IRIS is caused by an intense, 
dysregulated inflammatory immune response in situations 
with a combination of successful antiretroviral therapy 
(ART), improving CD4 and decreasing viral load. There is 
paradoxical worsening of clinical and imaging features, 
accompanied by florid enhancement on MRI. The clinical 
course of IRIS is usually self-limiting, but radiologists 
should first rule out new opportunistic infection, drug toxic- 
ity, and other complications. 


Key Points 

e Patients living with HIV can present with opportu- 
nistic infections, primary HIV infection, inflamma- 
tory reactions, and treatment effects. 

e Opportunistic infectious agents include toxoplasma, 
JC virus (PML), cryptococcus, cytomegalovirus, 
tuberculosis, and varicella zoster virus. 

e Primary HIV infection can result in acute meningo- 
encephalitis, acute inflammatory demyelinating 
polyneuropathy (AIDP), chronic inflammatory 
demyelinating polyneuropathy (CIDP), HIV- 
associated neurocognitive disorder (HAND), myeli- 
tis, and cerebrovascular disease. 


Fig.6.8 Toxoplasmosis: 
Post-contrast T1-weighted 
images showing characteristic 
eccentric target sign of 
enhancement 
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6.6.1 Toxoplasmosis 

Toxoplasmosis is the most frequent opportunistic infection 
in patients with HIV. MRI typically shows multifocal 
enhancing nodules in the basal ganglia or frontoparietal 
regions with vasogenic oedema and sometimes haemor- 
rhage. Although the “eccentric target sign” has high specific- 
ity (but can also be seen in tuberculoma and metastasis), 
unfortunately it is not very sensitive (Fig. 6.8). 


6.6.2 Aspergillosis 


Immunocompromised patients (not only in HIV infection 
but also in transplantation etc) are prone to angioinvasive 
aspergillosis, which can occlude the perforating arteries and 
result in basal ganglia, thalamic or brainstem infarction, 
sometimes with blood products. 


6.6.3 Tuberculosis 


CNS tuberculosis (TB) can affect patients with and without 
HIV infection: TB remains one of the major causes of mor- 
tality and morbidity worldwide and is an especially impor- 
tant health threat for people living with HIV. TB meningitis 
results in especially florid enhancement with infection espe- 
cially often involving the basilar cisterns (Fig. 6.9) and can 
be associated with dural thickening and enhancement from 
concomitant pachymeningitis (TB is more common than 
syphilis or Lyme disease in causing both leptomeningeal and 
pachymeningeal infection). TB vasculitis can occlude the 
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Fig. 6.9 Proven tuberculous meningitis with multiple ring enhancing 
tuberculomas in the basal cistern (a—c). With disease progression, there 
was perineural spread with thickened and enhancing cranial nerves 
(d-f, red arrows) (Reprinted with permission from Thurnher, M.M., 


small medial lenticulostriate and thalamo-perforating 
branches, resulting in basal ganglia and thalamus infarctions. 
These can be sensitively demonstrated using DWI, and MRA 
or black blood, high-resolution, thin-section 3D black blood, 
black CSF vessel wall imaging (VWI) (Fig. 6.10) sequences 
can reveal narrowed enhancing vasculitic vessels (other 
infectious causes of vasculitis include aspergillosis and vari- 
cella zoster virus (VZV) infection). 

Tuberculoma is the most common parenchymal form of 
CNS; imaging appearances depend on the different stages of 
infection; and tuberculomas heal by resolving or calcifying. 
Early, non-caseating tuberculomas show homogenous, nodu- 
lar enhancement with low signal on T1-weighted images and 
high signal on T2-weighted images, and surrounding oedema. 
Solid caseating tuberculomas show variable signal intensity 
due to paramagnetic free radicals. Liquifying caseating tuber- 
culomas resemble pyogenic abscess in signal and enhancing 
characteristics but are typically smaller with less surrounding 
oedema. Tuberculous abscesses are rarer, larger, multilocu- 
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lated and are often indistinguishable from pyogenic abscess. 
Miliary TB with innumerable small enhancing lesions at the 
grey-white matter junction typically occurs in immunocom- 
promised patients with widespread extracranial disease. 
Spinal cord/meningeal TB, including osteomyelitis/disc 
infection, and psoas abscess, should also be sought. 


Key Points 
e Characteristic complications of tuberculosis. 
— Thick leptomeningeal enhancement affecting 
basal cisterns. 
— Hydrocephalus. 
— Tuberculomas. 
— Tuberculous abscesses. 
— Vasculitic stenosis/beading and infarction (espe- 
cially basal ganglia/thalamus). 
— Cranial nerve enhancement and pachymeningitis. 
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Fig. 6.10 Tuberculous vasculitis: Time-of-flight MR angiography 
shows signal dropout in the right worse than left middle cerebral artery 
(MCA). Contrast-enhanced black blood, black CSF vessel wall imag- 


6.7 Viral Infections 


6.7.1 Herpes Simplex Virus 

HSV-1 is the commonest cause of acute encephalitis syn- 
drome, comprising 10-20% of identifiable viruses. Typical 
findings include unilateral or bilateral asymmetric swelling 
and hyperintensity on T2-weighted/FLAIR images, affecting 
hippocampus, anterior and medial temporal lobes and insular 
cortex (but often sparing the basal ganglia) (Fig. ). There 
is sometimes haemorrhage, DWI restriction, and contrast 
enhancement (compared to autoimmune encephalitis, see 
Sect. ). 


Key Points 

e Many viral causes of encephalitis have yet to be 
identified. 

e HSV-1 is the commonest virus and affects the hip- 
pocampus/temporal lobe. 

e LGII antibody limbic encephalitis often mimics 
HSV-1 infection. 

e Many arboviruses affect the thalamus bilaterally, 
sometimes with blood products. 

e Varicella zoster virus is a major cause of vasculopa- 
thy and stroke in children. 
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ing shows linear enhancing vessel wall from vasculitis of the MCA 
branch artery, and enhancing subacute infarction of the right caudate 
nucleus 


6.7.2 Arboviruses and Other Viruses 


Arthropod-borne pathogens are spread by mosquitos, ticks, 
or other vectors. They include Japanese encephalitis virus 
(JEV), dengue virus (DENV), and Zika viruses and typically 
have geographic and seasonal variability. In patients with 
bilateral thalamic involvement (especially with haemor- 
rhage), JEV and influenza-associated encephalitis (IAE) 
should be considered (Fig. ). IAE is most common in 
children under 5 years of age, the elderly, and patients with 
co-morbidities. Enterovirus and rabies virus infections can 
involve the brainstem; VZV infection is a major cause of vas- 
culopathy and ischemic stroke in children. 


6.7.3 Progressive Multifocal 
Leukoencephalopathy 


Progressive multifocal leukoencephalopathy (PML) is a 
demyelinating disease caused by reactivation of JC virus (a 
polyomavirus) infection in immunocompromised patients, 
especially people living with HIV. Typical features are bilat- 
eral asymmetric frontal or/and parietooccipital subcortical U 
fibre white matter involvement (very rarely is periventricular 
white matter affected first); the middle cerebellar peduncle, 
pons, peri-dentate white matter may also be affected, but iso- 
lated spinal cord lesions are rare. Classic PML is typically 
hyperintense on T2-weighted and FLAIR images, low or iso- 
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Fig. 6.11 Herpes simplex virus type 1: bilateral asymmetric (worse on the right) swelling and increased signal on T2-weighted, DWI, and FLAIR 


images involving the medial temporal lobe (especially the hippocampus) and insula cortex (see Fig. 6 


for comparison) 


Fig. 6.12 Japanese encephalitis (a) FLAIR image shows bilateral 
symmetric high-signal lesions in the thalamus. (b, ¢). Most of the 
lesions show high signal on DWI and mixed ADC values. (Reprinted 


signal on Tl-weighted images, without enhancement, vaso- 
genic oedema, or mass effect (Fig. ). DWI appearances 
vary according to stage of disease, with restricted diffusion 
in newer lesions or the advancing edge of active infection/ 


with permission from Ramli NM, Bae YJ. Structured Imaging Approach 


for Viral Encephalitis. N Am. 2023 


Feb;33(1):43-56) 
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demyelination. Inflammatory PML (with enhancement, 
vasogenic oedema, and mass effect) is a less common pre- 
senting phenotype or may be visualized in IRIS. 
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Fig. 6.13 Progressive 
multifocal 
leukoencephalopathy: 
T2-weighted images before 
(left) and after (right) 
antiretroviral therapy showing 
reduced extent of high signal 
in the subcortical white matter 


6.8 Inflammatory Diseases of the CNS 
Immune-mediated inflammatory diseases of the CNS 
(Fig. 6.14) may be encountered by radiologists in patients 
with known cancer (paraneoplastic syndromes), in patients 
with known rheumatological diseases (e.g. systemic lupus 
erythematosus SLE, Sjogren’s disease), in patients after a 
viral infection (e.g. acute disseminated encephalomyelitis or 
ADEM), and finally as mimics of infection based on typical 
MRI patterns [5, 6]. Many of the imaging patterns of lepto- 
meningitis, pachymeningitis, encephalitis, or vascular dis- 
ease, described in the preceding sections of this chapter may 
also be caused by non-infectious inflammation. Familiarity 
with these inflammatory mimics may help diminish morbid- 
ity and future disability by facilitating appropriate treatments 
early, avoiding invasive brain biopsy, and triggering appro- 
priate CT of the chest, abdomen, and pelvis to screen for 
underlying cancer or sarcoidosis. 


6.8.1 Autoimmune and Limbic Encephalitis: 


LGI1 Antibody Encephalitis 


The cause of acute encephalitis syndrome can be either 
infective or noninfective. Clinically, limbic encephalitis 
often presents with anterograde memory loss, seizures, 
behavioural or psychiatric symptoms, with MRI abnor- 
malities affecting the hippocampus and medial temporal 
lobes bilaterally. Leucine-rich glioma inactivated 1 
(LGI1) antibody is the commonest cause of limbic 
encephalitis mimicking HSV-1 infection (Fig. 6.15). 
Fever, a fulminant clinical course, unilateral involvement, 
absence of basal ganglia involvement, DWI restriction, 
and contrast enhancement, all favour HSV-1. Other auto- 
immune encephalitis is less consistent in their imaging 
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appearance; MRI in NMDA receptor encephalitis is more 
often normal, white matter abnormalities in MS, ADEM 
and MOG may mimic PML, and bilateral caudate and 
putamen abnormalities may be seen in anti-CV2/collapsin 
response mediator protein 5 (CRMP5) antibodies in occult 
small cell lung cancer. Brainstem, cerebellar, and spinal 
cord lesions are also associated with multiple autoim- 
mune pathologies. 


6.8.2 Leptomeningeal Enhancement: 
Neurosarcoidosis 


This multisystem inflammatory granulomatous disease has a 
predilection to affect the leptomeninges (50%, especially 
basal meninges, mimicking TB), pituitary gland, optic and 
facial cranial nerves, and spinal meninges (Fig. 6.16). 
Differentiation of neurosarcoidosis from TB can be difficult 
or impossible by imaging alone. 


Key Points 

e Neurosarcoidosis can affect different brain/spine 
compartments and mimics tuberculosis. 

e Focal pachymeningeal disease can be caused by 
TB, syphilis, Lyme disease, sarcoidosis, IgG4- 
related disease, antineutrophil cytoplasmic anti- 
body associated (ANCA), and tumours such as 
meningioma or metastasis. 

e Autoimmune CNS vasculitis has variable, often 
nonspecific imaging findings. 

e Many antibodies in paraneoplastic and immune- 
mediated inflammatory diseases have yet to be 
identified. 
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Ma1-2, NMDAR, IgLON5, DPPX, AQP4 


Neurosarcoidosis Neurosarcoidosis 


| F Neurosarcoidosis, Behget syndrome, CNS 

Behçet syndrome IgG4 related disease = aes histiocytosis 

Neurosarcoidosis 
Sjogren syndrome and Granulomatosis with A Differential: Wernicke encephalopathy, Whipple 
rheumatoid arthritis polyangiitis, ANCA- IgGárelated disease disease, deep venous thrombosis, arboviruses 

associated vasculitis Granulomatosis with 

polyangiitis, (ANCA) a 

GFAP Rheumatoid arthritis CNS histiocytosis l E = 


Paraneoplastic and autoimmune: ANNA1/Hu, 


Primary and secondary CNS Idiopathic hypertrophic 
ANNA2/Ri, PCA1/Yo, mGLuR1, GAD65, KLH11, 


vasculitis pachymeningitis 
Septin-5 and-7 IgGs 
Differential: infectious Differential: infectious 
meningitis, subarachnoid meningitis, meningioma, Differential: Viral or postinfectious cerebellitis, 
hemorrhage, meningioma intracranial hypotension See Table 10-1 celiac disease, neurodegeneration such as SCA 


NMDAR, GABA A/B, DPPX 
ADEM, MOG, AQP4, MS 


Differential: PML, 
lymphoma, anoxic injury, 
inherited leukodystrophies 


Targeting membrane Viral etiologies: HSV- 
proteins: NMDAR, LGI1, 1, CMV, adenovirus, 
CASPR2, AMPAR, DPPX, HHV6, VZV, WNV 
GABA B, IgLON5 


k X s Targeting nuclear or Bacterial etiologies: 
CRMP5/CV2, DR2, NMDAR, cytoplasmic proteins: syphilis 
LGI1 ANNA1/Hu, GAD65, Ma2/Ta, 
CRMP5/CV2 


SLE 
Infiltrative glioma 


Differential: CJD, anoxic 
injruy, toxic metabolic 
causes, toxoplasmosis, 
cryptococcus, Wilson 
disease 


Peri-ictal and postictal 
changes 


Fig. 6.14 Autoimmune and inflammatory central nervous system ‘TA. Imaging of Central Nervous System Autoimmune, Paraneoplastic, 
(CNS) disorders and radiographic differential diagnoses based on typi- and Neuro-rheumatologic Disorders. Continuum (Minneap Minn). 
cal location. (Reprinted with permission from Wahed LA, Cho 2023 Feb 1;29(1):255-291) 


Fig. 6.15 LGI1 antibody encephalitis. Axial and coronal T2-weighted and FLAIR images showing bilateral symmetrical swelling and increased 
signal in the hippocampus (see Fig. 6.11 for comparison) 


6.8.3 Pachymeningeal Enhancement: IgG4- with IgG4 related spectrum of disease, including orbital 
Related Diseases pseudotumor. Commonly, IgG4 disease affects the pancreas, 

biliary tract, kidneys, retroperitoneum/aorta, and thorax. In 

IgG4-related disease is a multisystem chronic progressive the head and neck (second commonest site of presentation 
fibroinflammatory autoimmune disease; as the disease defi- after the pancreas), the salivary (especially submandibular), 
nition is updated, some conditions are now felt to overlap lacrimal, and pituitary glands may be affected, and localized 


6 Intracranial Infection and Inflammation 


Fig.6.16 Axial FLAIR (a) and T1-weighted post-contrast administra- 
tion (b) demonstrate diffuse, focal, increased FLAIR signal in the 
underlying brain parenchyma and focal left-sided leptomeningeal 
enhancement in a patient with neurosarcoidosis. (Reprinted with per- 
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mission from Thurnher, M.M., Sundgren, P.C. (2020). Intracranial 
Infection and Inflammation. In: Hodler, J., Kubik-Huch, R., von 
Schulthess, G. (eds) Diseases of the Brain, Head and Neck, Spine 
2020-2023. IDKD Springer Series. Springer, Cham) 


Fig. 6.17 Thick, dural enhancement is observed bilaterally frontally 
and along the falx (b-f). T2-high-signal intensity is also seen in the 
parenchyma of both frontal lobes, reflecting compression of the brain 
parenchyma (a) (Reprinted with permission from Thurnher, M.M., 


or diffuse pachymeningeal thickening and enhancement can 
be seen (Fig. ). Tissue biopsy is the gold standard for 
diagnosis but MRI typically shows low signal on both T1- 


Sundgren, P.C. (2020). Intracranial Infection and Inflammation. In: 
Hodler, J., Kubik-Huch, R., von Schulthess, G. (eds) Diseases of the 
Brain, Head and Neck, Spine 2020-2023. IDKD Springer Series. 
Springer, Cham) 


and T2-weighted images, with homogeneous enhancement; 
remission after steroid therapy (in almost 90%) can be a 
helpful feature. 
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6.8.4 Autoimmune CNS Vasculitis 


Cerebral vessel walls are inflamed in CNS vasculitis, which 
can be caused by primary angiitis of the CNS, or can be sec- 
ondary to underlying systemic vasculitis (such as SLE, rheu- 
matoid arthritis, and Sjogren’s disease), or secondary to 
infections (such as TB, VZV, or syphilis). MRI is nearly 
always abnormal, and a normal study can exclude vasculitis. 
Typical findings include infarcts of different ages in different 
arterial territories (Fig. 6.18), sometimes accompanied by 
parenchymal or subarachnoid blood. DSA is more sensitive 
than MRA and CTA in detecting “beading”; alternating ste- 
nosis and dilatation in at least two separate vascular distribu- 


T. Lim and M. M. Thurnher 


tions, but findings often not specific for the cause. Concentric 
wall thickening favours vasculitis over atherosclerosis 
(which tends to show eccentric thickening) on VWI but is 
also not specific for the type of vasculitis. Diagnosis often 
depends on biopsy. 


6.8.4.1 Autoimmune CNS Vasculitis 

Granulomatosis with polyangiitis (GPA)(previously called 
Wegener’s granulomatosis) is a systemic vasculitis of small 
and medium vessels and can rarely affect the CNS, character- 
ized by high mortality. MRI typically shows focal granulo- 
mas spreading from the frontal sinus, leptomeningeal contrast 
enhancement, and white matter hyperintensities (Fig. ). 


Fig.6.18 Different imaging findings in patients with known vasculitis; 
(a) hyperintense FLAIR lesions, (b) confluent white matter signal 
abnormalities, (c) leptomeningeal contrast enhancement, (d) cortical 
infracts, (e) multiple acute lacunar infarcts (Reprinted with permission 


from Thurnher, M.M., Sundgren, P.C. (2020). Intracranial Infection and 
Inflammation. In: Hodler, J., Kubik-Huch, R., von Schulthess, G. (eds) 
Diseases of the Brain, Head and Neck, Spine 2020-2023. IDKD 
Springer Series. Springer, Cham) 


6 Intracranial Infection and Inflammation 


Fig. 6.19 (a) Sagittal CT (bone window) demonstrates opacification 
of the frontal sinus. (b, c) Granuloma extension into the frontal lobes 
bilaterally with surrounding oedema and gliosis (Reprinted with per- 
mission from Thurnher, M.M., Sundgren, P.C. (2020). Intracranial 


6.9 Concluding Remarks 

Radiologists should be aware of the three characteristic 
imaging patterns in meningitis, abscess, and encephalitis. 
Clinical problem-solving based on MRI pattern recognition 
remains a fundamental skillset: our knowledge of typical 
features and their anatomical distribution enables us to pro- 
cess new data in novel infectious/inflammatory agents con- 
sidering past differential diagnosis. Conventional and 
advanced MRI techniques and new point-of-care scanners 
have the potential to improve diagnostic performance in 
CNS infections, especially in future outbreaks and pandem- 
ics (Fig. 6.20) [7]. Future advances in PCR technology, 
machine learning, and new MRI biomarkers hold great 
promise for elucidating the pathogen and immune-mediated 
mechanisms of neuronal damage and complications. The 
role and value of radiologists are enhanced by multidisci- 
plinary team discussions, because “No man is an island”; we 
do not work in isolation, all of us are an essential part of the 
healthcare teams. 
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Infection and Inflammation. In: Hodler, J., Kubik-Huch, R., von 
Schulthess, G. (eds) Diseases of the Brain, Head and Neck, Spine 
2020-2023. IDKD Springer Series. Springer, Cham) 


Take-Home Messages 

e Multimodal MRI, including post-contrast 3D 
T2-FLAIR, DWI, SWI, and vessel wall imaging is 
useful for problem-solving. 

e Although CNS infection typically presents with 
characteristic patterns of meningitis, abscess, 
HSV-1 encephalitis, it is important to remember 
their mimics and differentiating features. 

e Restricted diffusion on DWI has high sensitivity 
and specificity for meningitis and pyogenic abscess, 
respectively. 

e HSV-1 infection and LGI1-antibody encephalitis 
can both cause medial temporal and hippocampal 
abnormalities. 

e Specific infectious agents including HIV and TB 
may have characteristic MRI appearances and 
complications. 
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Suspected 
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Australia Malaysia China 


+ 4 other countries 


+ 25 other countries 


China 


+ 212 other countries^ 
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+ 26 other countries 


Guinea 


+ 6 other countries 


Main intermediate animal host responsible for human infection 


Horses Pigs Civets 

Fig. 6.20 Summary of major emerging zoonotic outbreaks related to 
bats, 1994-2019. Confirmed bat-borne viruses include Hendra, Nipah, 
and SARS-CoV-1 viruses; bats are also suspected to be viral reservoirs 


for MERS, Ebola, and SARS-CoV-2 (cause of the current COVID-19 
pandemic) viruses. Years when outbreaks occurred and confirmed or 
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Abstract 


Traumatic brain injury is acommon injury worldwide that 
affects individuals of all ages. Injuries can range in sever- 
ity. Timely assessment of injury is important to triage 
cases that may be severe and imminently life-threatening, 
and neuroimaging is a critical component to the clinical 
care of such patients. Injuries may occur in multiple 
spaces from the extracranial soft tissues to the potential 
spaces between meningeal layers to the brain parenchyma 
itself. The neck and intracranial arterial and venous ves- 
sels can also be injured with devastating sequelae. CT, 
CTA, MRI, and MRA can all be useful in the assessment 
of head injury. In particular, CT is often used as a first-line 
imaging modality to screen for acute intracranial injury. 
MRI can be useful in patients who have discordance 
between symptoms and CT findings as well as in those 
with more prolonged symptoms or who suffer chronic 
sequelae of injury. Neuroimaging research is ongoing 
using MRI to study the underlying pathophysiology of 
head injury. 


Keywords 


Head trauma - Brain injury - CT - MRI 


Learning Objectives 

e Review imaging techniques used to help diagnose 
and evaluate patients with CNS trauma. 

e Compare the utility of CT vs MRI in evaluating TBI 
patients with a spectrum of brain injuries. 

e Show various forms of surgical vs non-surgical 
intracranial abnormalities resulting from head 
trauma. 


Key Points 

e CT is the primary imaging modality utilized to 
assess patients following CNS trauma in the urgent 
setting due to availability, speed, and few 
contraindications. 

e Initial CT findings can assist in the appropriate tri- 
age of patients that require urgent surgical manage- 
ment and those that would benefit from non-surgical 
monitoring. 

e MRI is useful in patients who suffer from neuro- 
logic symptoms out of proportion to initial CT 
imaging findings and to assist in the detection of 
brain injuries below the sensitivity of CT. 


7.1 Introduction 
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Traumatic brain injury (TBI) is a leading health concern with 
approximately 2.8 million reported emergency department 
visits in 2014 in the United States. Of these, there is an esti- 
mated 288,000 TBI-related hospitalizations and 56,800 TBI- 
related deaths [1]. The majority of these cases involve elderly 
adults over age 75 years followed by young children [2] with 
a global incidence estimate of 100-749 cases per 100,000 
[3]. These staggering numbers are themselves likely to be 
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underestimates as mild severity TBI and head injury in 
developing areas of the world are generally under-reported 
and others are not counted among emergency room visits as 
they may be assessed in outpatient clinics. Regardless, medi- 
cal imaging is crucial for diagnosis, management, and risk 
stratification of this important public health problem. This 
article provides an overview of important imaging findings 
for various TBI classifications as divided by anatomic loca- 
tion, types of injury, and severity as well as imaging findings 
of trauma-related intervention. Examples provided also 
showcase different mechanisms of injury and touch on imag- 
ing research in the field of TBI. Overall, this review aims to 
provide a systematic guide for imaging evaluation and inter- 
pretation in TBI-related injuries. 


7.2 TBI Clinical Grading 

Clinical grading for TBI most commonly uses the Glasgow 
Coma Scale (GCS), which separates injuries based on three 
main criteria: eye response (1—4 points), verbal response 
(1-5 points), and motor response (1—6 points) [4]. Scores are 
summed and then categorized as mild (13-15), moderate 
(9-12), and severe (3—8). GCS is shown to be highly correla- 
tive with patient morbidity and mortality in the moderate/ 
severe category and helps with initial triage [5]. Despite 
widespread use across severity categories, GCS is limited in 
the mild category where a score of 15 does not necessarily 
indicate an absence of TBI-related symptoms or TBI-related 
injury. Mild TBI patients may have post-concussive symp- 
toms that are typically self-limited without intervention, 
although a subgroup can suffer prolonged symptoms. 


7.3 Imaging Use and Techniques 


7.3.1 Computed Tomography (CT) 

The essential initial imaging modality for head trauma is 
non-contrast computed tomography (CT). For moderate to 
severe TBI, the American College of Radiology (ACR) 
deems the non-contrast head CT scan a class 1 recommenda- 
tion [6]. There are several, commonly used medical decision- 
making tools including the Canadian CT head rule, New 
Orleans Criteria, and National Emergency X-Radiography 
Utilization Study II (NEXUS-II) that help to determine 
whether a CT scan of the head is indicated in the case of mild 
TBI [7]. The Pediatric Emergency Care Applied Research 
Network (PECARN) Head Injury Decision Rule (PR) was 
published in 2009 by the Pediatric Emergency Care Applied 
Research Network; this rule is applied in pediatric patients to 
identify those at low risk for clinically important TBI, so that 
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CT scan can be safely avoided and therefore reduce exposure 
to ionizing radiation. 

Benefits of CT over other imaging modalities include 
speed, availability, and high sensitivity for significant inju- 
ries requiring immediate intervention or close observation 
such as intracranial hemorrhage, infarction, herniation, cere- 
bral edema, and skull fracture [8]. Modern CT scans can be 
performed within just a few seconds and are readily available 
at essentially all hospital systems on an emergent basis as 
well as many satellite care centers. The recommended proto- 
col includes using a multidetector CT (MDCT) with axial 
views, head tilt/gantry angling to reduce ocular lens radiation 
exposure, 120 kVP, 240 mAs, 22 cm-field of view, with a 
2.5- or 5-mm slice thickness. Radiation exposure and dose 
have been markedly diminished with advances in CT tech- 
nology. Modern scanners incorporate the use of automatic 
exposure control systems to optimize acquisition parameters 
on an individual basis and advanced techniques for image 
reconstruction to maintain image quality. Typically, CT 
images are reconstructed and displayed in a multiplanar way 
using both soft tissue and bone kernels at ~2.5-mm slice 
thicknesses. Additional 3D reconstructions may also be per- 
formed for the calvarial/skull base with axial 0.625 mm sec- 
tions. Routine use of multiplanar reconstructed (MPR) 
images has also been supported in the literature to increase 
CT accuracy in detecting intracranial hemorrhage, especially 
adjacent to bony surfaces [9]. Comparison with prior rele- 
vant imaging is useful to help accurately identify acute 
findings. 


7.3.2 Magnetic Resonance Imaging (MRI) 


MRI may be considered for patients with persistent neuro- 
logic symptoms but absence of positive findings on nonen- 
hanced CT [10]. Compared with CT, MRI has higher 
sensitivity for detection of small cortical/parenchymal con- 
tusions, axonal injury, and can help age intracranial hemor- 
rhage (acute, subacute, chronic) [6, 11-15]. However, 
emergent MRI is not as readily available in various hospital 
systems, takes longer to scan, costs more, requires safety 
screening prior to scanning, and gives rise to some difficul- 
ties in patient monitoring and access during the scan. 
Recommended routine scanning techniques for nonenhanced 
brain MRI in cases of head trauma include the following: 
diffusion-weighted (DWI), T2* gradient recall echo (GRE) 
or susceptibility-weighted imaging (SWI), T2-weighted 
fluid-attenuated inversion-recovery (FLAIR), and 
T2-weighted and Tl-weighted sequences. Susceptibility- 
weighted imaging has been shown to have high sensitivity to 
hemorrhage, significantly higher than the traditional T2* 
GRE sequences [16], and DWI can be useful in detecting 
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non-hemorrhagic acute axonal injury [17]. Contrast enhance- 
ment is not routinely used; however, contrast may be useful 
to assess arterial and venous vascular injury as well as other 
types of meningeal injury [18]. 


7.3.3 CT or MR Angiography (CTA or MRA) 


CTA and MRA are recommended in cases with mechanism 
of penetrating injury and suspected vascular injury. Such 
techniques can help detect traumatic pseudoaneurysms, dis- 
section, post-traumatic arteriovenous fistula, venous sinus 
thrombosis, or other vascular sequela of injury [19-21]. 
Some hemorrhage patterns on imaging may be signs of seri- 
ous, underlying injuries such as subarachnoid blood isolated 
to the basilar cistern, sylvian fissure, or anterior interhemi- 
spheric fissures as described later. 


7.3.4 Diffusion Tensor Imaging (DTI) 
and Diffusion Kurtosis Imaging (DKI) 


More sophisticated diffusion imaging models including 
Diffusion Tensor Imaging (DTI) and Diffusion Kurtosis 
Imaging (DKI) that quantify directional diffusion of water 
[22] as well as non-Gaussian diffusion [23] can provide 
information about white matter tracts and other brain tissue 
microstructure. While diffusion tensor models have been uti- 
lized for group-based comparisons in the research arena, 
there are numerous barriers that have prevented their appli- 
cation in individual patients. For example, DTI has been 
shown to be very sensitive to axonal microstructural changes; 
however, the results lack specificity. Changes in mean diffu- 
sivity and/or fractional anisotropy may be interpreted as 
changes in the interrogated white matter microstructural 
integrity; however, these same types of changes can be visu- 
alized in any number of comorbidities or even demographic 
variation. As a result, accurate and meaningful interpretation 
of individual DTI examinations is not currently feasible. 


Table 7.1 Overview of pediatric scalp fluid collections/hematomas 


Lesion type Caput succedaneum 


Subgaleal hematoma 
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7.3.5 Outcome Prediction with Imaging 
Parameters 


Imaging is essential for patients to help with diagnosis, prog- 
nosis, and guiding management for various types of trau- 
matic brain injuries. Initial CT or MRI offers rapid evaluation 
of brain anatomy and helps guide treatment, follow-up imag- 
ing monitors recovery or progression of disease, and addi- 
tional assessment with more advanced techniques better 
elucidates specify aspects of brain and cerebrovascular phys- 
iology and metabolism. CT perfusion, MR perfusion, 
SPECT, functional MRI ((MRD, PET, and MR spectroscopy 
(MRS) are only some of the methods where ongoing research 
is underway to better understand TBI, identify and monitor 
injury and recovery, and help better predict long-term effects 
and outcome [12]. 


7.4 Scalp Lesions 

Scalp lacerations, hematomas, or other subcutaneous injuries 
are common in head trauma patients. Although isolated scalp 
injury is not often clinically significant, there is 20% associa- 
tion with intracranial injuries even in patients with mild TBI 
[24]. A visible scalp lesion on cross-sectional imaging directs 
attention to the site of impact for interpreting radiologists 
and assists in the detection of minor intracranial bleeds, frac- 
tures, or contusions [25]. Location and type of scalp blood 
(caput succedaneum, subgaleal hematoma, subgaleal 
hygroma, or cephalohematoma) are important to understand 
the potential for hemorrhage extension (Table 7.1) [26]. Use 
of CT soft tissue reconstruction kernel can assess scalp 
abnormalities with appropriate adjustments in image win- 
dow and level to differentiate density differences between 
normal tissue, blood, fluid, and fat. Scalp injuries often also 
provide a visual clue to mechanism of injury and aid in the 
search for related intracranial injuries (Fig. 7.1). 


Cephalohematoma (extracranial 


Subgaleal hygroma subperiosteal hematoma) 


Occurrence In newborns after vaginal delivery, sometimes After head trauma (or Birth trauma Birth trauma (skull fracture 
associated with delivery assistance such as after birth) (forceps delivery) during birth) 
vacuum extraction 

Location Superficial subcutaneous soft tissues of the Lifts up the galea Beneath the galea  Subperiosteal (flat skull bones) 
scalp aponeurotica aponeurotica 

Composition Edema (with microscopic hemorrhages) Venous blood Cerebrospinal fluid Subperiosteal hemorrhage 

Clinical Pitting edema Diffusely spreading, — Well defined, focal, firm mass 

presentation firm fluctuating mass 

Skull fracture Yes or no Yes Yes 

Crosses suture Yes Yes Yes No 


lines? 
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Fig. 7.1 Axial non-contrast head CT demonstrating a small left pari- 
etal scalp hematoma (left image, arrow) associated with a subtle under- 
lying non-displaced left parietal bone fracture (center image, arrow) in 
a young child. 3D volume rendered reconstructions, which increase 


7.5 Skull Fractures 

Skull fractures may result from both penetrating and blunt 
trauma and may be categorized in various ways based on 
mechanism of injury, topography, complications, and man- 
agement. Classification can be broken down into the follow- 
ing parameters: 


e Shape: linear, comminuted, stellate. 

e Depression: depressed, non-depressed, open. 

e Anatomic location and extent: skull vault, skull base, cra- 
niofacial junction. 


The most common fracture shape is linear, often seen in 
the young pediatric population (<5 years old), typically 
involving the parietal or basilar skull [27]. Extension of the 
fracture to suture lines can result in suture diastasis. Fracture 
complications are dependent on location, extent, and depres- 
sion. Depressed skull fractures are defined by displacement 
of the inner and outer tables of the skull on either side of the 
fracture line. Displacement of the outer table on the one side 
of the fracture line to or beyond the level of inner table on the 
other side of the fracture line is particularly concerning for 


sensitivity for identifying non-displaced fractures, better depict the lin- 
ear left parietal bone fracture (right image, arrow) that extends through 
the left squamosal suture (right image, arrowhead). No intracranial 
hemorrhage was present 


additional intracranial complications. These occur primarily 
in the frontoparietal region and are often open, meaning 
associated with lacerations more superficially and can result 
in a host of issues including dural tearing, parenchymal con- 
tusions, wound infection, and seizure [28]. Comminuted 
anterior cranial fossa fractures are also associated most 
highly with CSF leaks [29]. Venous compromise is seen in 
two thirds of fractures near the dural venous sinus or jugular 
bulb and can relate to frank laceration of the sinus, mass 
effect from adjacent extra-axial hematoma, or dural venous 
sinus thrombosis [19, 30]. Temporal bone and skull base 
fractures often have more severe complications such as dam- 
age to cranial nerves, the craniocervical junction, and middle 
and inner ear structures [31]. 

Patients who sustain skull fractures from head trauma are 
reported to have a 2—5x increased risk of intracranial hemor- 
rhage compared with those without fracture [25, 32]. CT is 
more sensitive than either skull radiograph or MRI in the 
detection of fractures. In particular, the combination of 
excellent depiction of osseous detail, high resolution, and the 
ability to render maximum intensity projections and surface 
rendered 3D reconstructions makes CT an optimal tool for 
the detection of skull fracture [33, 34] (Fig. 7.2). 
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Fig. 7.2 Axial non-contrast head CT demonstrates a focal comminuted depressed posterior right parietal bone fracture (left image, arrow) associ- 
ated with a small overlying scalp hematoma (right image, arrow) following an assault with a hammer 


7.6 Extra-Axial Lesions 
Trauma may affect four main extra-axial compartments: epi- 
dural, subdural, subarachnoid, and intraventricular spaces. 


7.6.1 Epidural Hematoma (EDH) 

An epidural hematoma (EDH) is an extracerebral hemor- 
rhagic collection occurring between the superficial dura and 
inner table of the skull. Because the superficial dura is closely 
opposed to the inner table, it takes some force to separate 
them, creating a potential space in which blood may collect. 
EDHs are commonly associated with fractures that can dis- 
rupt and tear the superficial dura, causing damage to menin- 
geal arterial branches embedded in the dura. EDHs classically 
assume a lenticular shape and typically do not cross suture 
lines [35, 36] as the dura is invested within the suture. 
Exceptions to this rule include the vertex EDH that may tra- 
verse the sagittal suture as well as pediatric skull fractures 
with suture diastasis. There is a higher incidence with over- 
lying skull fractures on the same or “coup” side of injury 
[37-39]. CT is the recommended initial imaging modality as 
it can show both the extracerebral collection and fractures 


with highest sensitivity. The lentiform or biconcave shape 
can cause mass effect on the adjacent brain parenchyma as 
hemorrhage accumulates. Clinically, an EDH may be associ- 
ated with a lucid window, a period of normal neurological 
function between the time of injury and neurological deterio- 
ration. The so-called swirl sign on CT is associated with 
active bleeding and is characterized by hypodense non- 
coagulated blood mixed with hyperdense coagulated blood. 
This radiologic finding is important to communicate to treat- 
ing providers as patients may undergo rapid decompensation 
from active arterial bleeding [33, 39]. 

While classically associated with arterial bleeding, EDHs 
can arise from either arterial or venous injuries (Table 7.2). 
Arterial bleeding is most often from the middle meningeal 
artery, reported in the temporoparietal region in 75% of cases 
[38]. Bleeding from arterial injury may result in a rapidly 
expanding hematoma with progressive mass effect, increased 
intracranial pressure, and potential infarcts which can be sur- 
gical emergencies. Treatment often requires urgent decom- 
pressive craniotomy in severe cases or embolization of the 
middle meningeal artery in non-surgical small—/medium- 
sized EDH cases (Fig. 7.3). Venous origin of EDH is seen in 
cases of fractures crossing the dural venous sinuses, and 
bleeding can be seen on either side of the falx cerebri or ten- 
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Table 7.2 Epidural versus 
characteristics 

Epidural hematoma (EDH) 
“Coup” 


Skull fractures seen in +90% 

of cases 

Generally, do not cross suture 

lines 

Not limited by falx or 

tentorium (may extend from 

supra- to infratentorial or 

across midline) 

Origin 

e Arterial (majority, tearing 
of one or more branches 
of the meningeal arteries, 
most commonly the 
middle meningeal artery) 
e Venous (minority, 

laceration of a dural 
venous sinus, e.g., along 
the sphenoparietal sinus) 

Medical emergency 

Mass effect is directly related 

to the size of the EDH 


CT is preferred imaging 
technique because 
e Rapid accessibility 
e Shows both the 
hemorrhage and the skull 
fracture 
MR can be useful for 
e Secondary parenchymal 
injury (edema, mass 
effect, herniation) 


subdural hematoma common 
Subdural hematoma (SDH) 
“Contrecoup” 


No correlation with skull fractures 
Can cross suture lines 


Limited by falx and tentorium 
(confined to supra- or infratentorial 
compartment, does not cross 
midline) 
Origin 
e Venous, laceration of bridging 
cortical veins 


May be chronic 
Mass effect is associated with 
underlying parenchymal injury not 
size of SDH 
CT is commonly used to detect and 
follow SDH size 
MRI may be useful for 
e Sensitivity for detecting isodense 
SDH and staging timing of blood 
products 
e Better definition of 
multicompartment septations 
that may be present 
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torium cerebelli [40]. Common locations of venous EDH 
include the anterior middle cranial fossa, vertex, or occiput 
resulting from injuries to the sphenoparietal sinus, superior 
sagittal sinus, and transverse sinus, respectively [38] 
(Fig. 7.4). 

The location of the EDH is crucial to decision-making 
and management. For instance, posterior fossa EDH can 
result in early cerebellar compression, effacement of the 
fourth ventricle, non-communicating hydrocephalus, and/or 
brainstem compression necessitating emergent decompres- 
sive craniectomy and surgical evacuation [41]. Conversely 
anterior temporal EDH is often indolent, less likely to 
expand, and thus may be treated well with non-surgical sta- 
bilization and monitoring [42]. 


7.6.2 Subdural Hematoma (SHD) 


Subdural hematomas (SDHs) are extracerebral hemorrhagic 
collections located between the dura and arachnoid mem- 
branes. They often arise from tears in bridging cortical veins 
at the site of crossing the dura. SDH is common in head 
trauma and seen in up to a third of cases [37]. They are often 
found on the opposite or contrecoup side of injury and are 
not generally associated with skull fractures [38]. SDH col- 
lections cross sutures but are limited by dural reflections 
such as the falx or tentorium, giving them the classic concave 
or crescentic shape [43] (Fig. 7.5). 

The imaging appearance of SDHs may range from hyper 
to hypoattenuating crescentic collections along the inner 


Fig. 7.3 Axial non-contrast head CT demonstrates a jagged non- 
displaced left temporal bone fracture (left image, arrow) that lacerated 
the middle meningeal artery. This fracture is associated with a large 
acute underlying lentiform epidural hematoma with internal “swirl 


sign” (central image, arrow) compatible with active internal bleeding. 
The coronal reformation depicts the mass effect on the left parietal lobe, 
causing compression of the regional sulci and the left ventricular atrium 
(right image, arrow) as well as mild right-ward subfalcine herniation 
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Fig. 7.4 Axial reconstructed bone windows from a CT angiogram of 
the head demonstrate a non-displaced right occipital bone fracture (left 
image, arrow) that lacerated the right transverse sinus. This fracture is 
associated with a moderately sized acute underlying venous epidural 
hematoma (central image, arrow) that compresses the cerebellum, 
effaces the fourth ventricle, and causes non-communicating hydroceph- 


alus that requires emergent ventricular shunting. The angiographic 
source images show compression and elevation of the co-dominant 
right transverse sinus (right image, arrow) by the venous epidural 
hematoma. Additional note is made of a focal contrecoup hemorrhagic 
brain contusion within the anteromedial left frontal lobe (central image, 
arrowhead) 


Fig. 7.5 Axial non-contrast head CT demonstrates bilateral crescentic 
acute SDHs, larger on the right (left image, arrows) causing regional 
mass effect, sulcal effacement, and mild ventricular compression, with- 


table of the calvarium. Although acute bleeds are mostly 
hyperattenuating, mixed iso- or hypoattenuating blood is not 
always chronic and may represent hyperacute or unclotted 
blood, particularly in patients with underlying coagulopa- 
thies [44]. Looking for layering hematocrit levels can help 


out frank subfalcine herniation. Coronal reformations show the SDHs 
extending inferiorly along the cerebellar tentorium (right image, 
arrows) 


identify such patients. MRI has better sensitivity in staging 
the time of bleed especially for subacute/chronic blood prod- 
ucts as hemoglobin becomes deoxidized, denatured, and 
enters the extracellular space. A large meta-analysis compar- 
ing CT and MRI appearances showed hyperattenuating SDH 
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Fig. 7.6 Coronal non-contrast head CT performed on an elderly 
patient immediately following a fall demonstrates scattered regions of 
post-traumatic subarachnoid hemorrhage along the right cerebral con- 
vexity (left image, arrow) and a small subcortical hemorrhagic axonal 
injury at the left frontal gray-white interface (left image, arrowhead). 
The follow-up coronal non-contrast head CT performed the next day 


after a median of 1—2 days; isoattenuation SDH after 11 days; 
and hypoattenuating SDH after 14 days [45]. Subacute 
bleeds have T1 and T2 hyperintense signal on MRI due to 
presence of extracellular methemoglobin [46]. Chronic SDH 
may have variable signal and may retain T1 or FLAIR hyper- 
intensity depending on age and internal rebleeding. These 
chronic collections may also develop enhancing, capillary- 
rich membranes that help to resorb blood [46]. The vascular 
membranes are often friable and can lead to development of 
repeated internal hemorrhage resulting in “acute on chronic” 
bleeding with mix signal intensity and a complex appearance 
[47]. Peripheral calcifications may also form in the chronic 
state. 

Subdural hygromas are acute low density extra-axial col- 
lections that can mimic chronic subdural hematomas. 
However, the etiology of hygromas is different since they 
result from arachnoid damage/tearing causing CSF accumu- 
lation in the subdural space. Low density hygromas may 
occur immediately with trauma but most reports show devel- 
opment days following the initial insult [48, 49] (Fig. 7.6). 
Hygromas also displace the cortical veins in the subarach- 
noid space from the inner table of the skull; this finding is 
particularly important for their diagnosis, as the fluid will be 
isoattenuating and isointense relative to CSF on CT and 
MRI, respectively. A combination of subdural hematoma and 
hygroma (hematohygromas) may also occur, most com- 


again demonstrates stable right frontal subarachnoid hemorrhage and a 
mild interval increase in the subcortical hemorrhage in the left frontal 
lobe (right image, arrowhead). In the interim, small bihemispheric sub- 
dural hygromas have developed most likely related to occult arachnoid 
tears (right image, arrows) 


monly in children, and the two can be difficult to distinguish 
on imaging. 

Management for SDHs depends on size of bleed with 
common surgical techniques such as burr hole drainage, cra- 
niotomy, or port system placement [50]. For smaller and 
recurrent bleeds, middle meningeal artery embolization may 
be considered [51]. Differences in imaging features between 
subdural and epidural hematomas are detailed in Table 

In pediatric patients, abusive head trauma (AHT) can 
result in multicompartmental intracranial hemorrhage, clas- 
sically manifesting as hemorrhages with blood products of 
varying age, indicating repeated head trauma. Subdural 
hematomas with internal membranes are particularly charac- 
teristic in babies suffering from AHT, usually associated 
with brain infarctions and retinal hemorrhages. However, 
non-contrast CT scans are relatively unreliable in determin- 
ing the age of blood products within subdural hematomas 
and therefore simply reporting the attenuation of these 
hematomas rather than attempting to determine their age at 
initial examinations may be more prudent. Change in the 
attenuation characteristics of a subdural hemorrhage over 
time may be more valuable in deciphering the age of the 
hematoma. AHT should also consider when the clinical his- 
tory and degree of injury severity are highly discordant. If 
AHT is suspected, survey imaging of the rest of the body 
should be pursued to look for prior fractures and other inju- 
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Fig. 7.7 Axial and sagittal images from a non-contrast head CT in an elderly patient with brain atrophy demonstrate a large right frontal scalp 
hematoma with multifocal underlying “coup” subarachnoid hemorrhage (arrows) in the subjacent right frontal lobe 


ries and careful history should be done. Important to note 
that pediatric patients such as those with coagulopathy or 
connective tissue disorder can be prone to repeated bleeds 
and confound diagnosis. When considering AHT, underlying 
disorders must be excluded carefully. 


7.6.3 Traumatic Subarachnoid Hemorrhage 
(SAH) 


Subarachnoid hemorrhage (SAH) after head trauma has a 
reported incidence of 9-25 cases per 100,000 people annu- 
ally [52, 53]. This occurs when bleeding is seen between the 
arachnoid and pia matter usually at the site of injury (coup) 
(Fig. 7.7) or site opposite of the injury (contrecoup). CT 
imaging shows nodular or curvilinear foci of hyperattenua- 
tion typically along the convexity sulci with decreasing 
intensity as blood products redistribute over time and are 
cleared through the arachnoid granulations [54]. On MRI, 
failure of the normal CSF suppression on T2-weighted 
FLAIR sequences is useful to detect superficial SAH while 
SWI can detect the presence of superficial siderosis indica- 
tive of prior SAH with hemosiderin staining of the pial sur- 
face of the brain. SWI is also sensitive for the detection of 
central SAH in the basilar cisterns, interpeduncular fossa, or 
within the ventricles with high sensitivity where T2-weighted 
FLAIR can be somewhat limited due to pulsation artifact 
[55]. In general, the presence of SAH without other forms of 
intracranial hemorrhage has less risk of rapid clinical dete- 
rioration and need for surgical intervention [56]; however, 


midline SAH (interhemispheric or peri-mesencephalic) has 
been reported to have worse outcomes and can be associated 
with diffuse axonal injury [57]. 

Even in the setting of trauma, isolated SAH in the basilar 
cisterns should trigger a search for underlying aneurysmal 
rupture with either CT or MR angiography. Clinically it can 
be difficult to determine if a ruptured aneurysm led to a fall 
and subsequent head trauma or if primary head trauma has 
resulted in subarachnoid hemorrhage. SAH in the interpe- 
duncular or perimesencephalic cisterns may indicate injury 
to the brainstem [48] or large vessel injury. As blood prod- 
ucts are irritating to the vessels, vasospasm can result from 
traumatic SAH and is more common in severe TBI, reported 
in about a third of patients [58, 59]. 

Needless to say, some patients can have a combination of 
hematomas in different cranial spaces (Fig. 7.8). 


7.6.4 Traumatic Intraventricular Hemorrhage 
(IVH) 


Intraventricular hemorrhage (IVH) is reported in about 
1-3% in blunt trauma and 10-25% in severe head injury 
[60, 61]. IVH may result from several mechanisms includ- 
ing injury to subependymal or cortical veins, retrograde 
reabsorption, or reflux of SAH, or extension of intraparen- 
chymal hemorrhage. Large cohort regression analyses have 
shown strong correlation between IVH and diffuse axonal 
injury to the corpus collosum with poor clinical outcomes 
[57,62]. 
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Fig. 7.8 Axial non-contrast head CT demonstrates focal acute SAH 
within the left parieto-occipital sulcus (top left and right images, 
arrows) at presentation in a “coup” pattern. This SAH underlies a 
mildly comminuted depressed left parietal bone fracture (bottom right 
image, arrow) that indicates the site of the blunt head injury. An associ- 


On CT, hyperdense layering blood in the ventricles is 
compatible with IVH. MRI is more sensitive for the identifi- 
cation of subtle IVH using T2-weighted FLAIR or SWI 
sequences. In the first 48 h, blood products appear hyperin- 
tense on the FLAIR sequence then variable in signal as blood 


ated hemorrhagic contusion with surrounding edema centered within 
the left cuneus increased in size over time on the 24-h follow-up CT 
scan (bottom left image, arrow). Lastly, a left hemispheric acute subdu- 
ral hematoma is present (top left and right images, arrowheads) 


becomes more subacute/chronic and SWI shows hypointense 
area of susceptibility [63, 64]. Both subarachoid and intra- 
ventricular hemorrhage can result in hydrocephalus 


(Fig. 7.9). 
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Fig. 7.9 Axial non-contrast head CT performed on a patient extricated 
from a vehicle following a high-speed motor vehicle collision demon- 
strates diffuse acute SAH (arrowheads) and a small amount of IVH lay- 
ering within the occipital horn of the left lateral ventricle (arrow). Also 
present on this scan is early hydrocephalus related to the SAH 


7.7 Intra-Axial Lesions 


7.7.1 Hemorrhagic Cerebral Contusions, 
Coup Versus Contrecoup 


Cerebral contusions contribute significantly to morbidity and 
mortality in the setting of a TBI and constitute about 35% of 
TBI-related injuries [65]. Brain contusions are focal paren- 
chymal injuries that result from the impact of the brain 
against the inner table of the skull and can be considered a 
“bruise” to the brain. The most common locations are at the 
same (coup) (Fig. 7.10) and opposite (contrecoup) sides of 
the insult, at areas of irregular bony protrusions mostly 
involving the anterior and middle cranial fossa [66]. 
Contusions in the temporal lobe have the worst reported 
functional outcomes compare to other types of intra- and 
extra-axial injuries [67]. 

Essentially all contusions have some component of hem- 
orrhage, but sensitivity in detecting blood varies by imaging 
technique and protocol. In the hyperacute setting, contusions 
can appear primarily hypodense on CT indicating edema. 
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Hyperdense cortical and subcortical hemorrhage may also be 
present. CT is often used to follow contusions over time that 
can become more evident as the amount of hemorrhage 
increases (Fig. 7.11). After the initial 24 h, MRI is more sen- 
sitive than CT for the detection of small contusions and 
defining the extent of hemorrhage and edema, important pre- 
dictors for clinical outcome. MRI shows a “salt and pepper” 
appearance of hemorrhagic contusions that may increase in 
size or “bloom” over the first 48 h following injury [68]. The 
T2-weighted FLAIR sequence is best for evaluation of con- 
tusions mostly involving cerebral edema [38, 66]. SWI or 
T2* gradient recall echo (GRE) sequences are very sensitive 
for the detection of hemorrhagic contusions [8], with SWI 
being far more sensitive than T2* GRE. Contusions are often 
associated with SAH and must be followed with serial imag- 
ing to assess progression of hemorrhage and resulting mass 
effect/herniation to determine need for surgical intervention 
[69]. Over time, chronic contusions appear hypodense and 
atrophic on CT due to the resultant encephalomalacia and 
gliosis. On MRI, susceptibility artifact within the chronic 
contusion will persists within the region of encephalomala- 
cia and gliosis due to hemosiderin/ferritin deposition [70] 
(Fig. 7.12). 

Contusions may occur on both the coup and contrecoup 
sides of blunt traumatic head injury related to the directional 
force of the trauma. Translational forces from acceleration/ 
deceleration cause the brain to impact the calvarium on the 
contrecoup side of injury, and these lesions can be larger and 
more extensive than coup lesions [70]. 

Table 7.3 provides a review of sequential signal intensity 
changes that intracranial hemorrhage undergoes on 
MRI. MRI signal of blood products is largely dependent on 
three main factors: (1) the fact that hemoglobin is a ferrous 
(iron-containing) molecule, (2) the number of unpaired elec- 
trons associated with the hemoglobin state that dictates its 
magnetism, and (3) the relative heterogeneity of distribution 
of hemoglobin (within or outside of red blood cells) which 
contribute to susceptibility-related local magnetic field 
distortions. 


7.7.2 Diffuse Axonal Injury (DAI) 


Diffuse axonal injury (DAD) is a relatively common type of 
neuronal damage from severe closed head trauma [71, 72]. 
DAT is clinically defined as head trauma with resulting loss 
of consciousness 6 h or more that can lead to neurologic 
degeneration or death. Damage from shear-strain forces in 
DAT is believed to cause injury to the brain across interfaces 
where tissue densities differ (e.g., gray and white matter 
junction) or tissue anchored to adjacent structures (cerebral/ 
cerebellar peduncles or corpus callosum) [72, 73]. The most 
affected areas of DAI in order of frequency are as follows: 
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Fig. 7.10 Thin targeted axial bone algorithm images from a maxillofa- 
cial CT scan depict a complex comminuted fracture through the left 
frontal bone and sinus (top left image, arrow). The corresponding non- 
contrast head CT scan demonstrates a large underlying “coup” hemor- 
rhagic contusion (top right image, arrow) with associated SAH (top 
right and bottom right images, arrowheads). Contrast is noted within 
the arteries of the circle of Willis due to the concurrently performed 
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whole body contrast-enhanced trauma CT scan, although a small SAH 
was also suspected within the suprasellar cistern (top right image). The 
fracture line extended into the sphenoid bone (bottom left image, arrow) 
causing a suspected CSF leak in this patient. A focus of interhemi- 
spheric air was also present, due to the fracture extending through the 
air-filled sinuses (bottom right, arrow) 
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Fig. 7.11 Following a fall from a ladder, a non-contrast CT scan was 
performed in the emergency department that demonstrates multicom- 
partmental post-traumatic intracranial hemorrhage including a subdural 
hematoma, SAH, and a small contusion (left image, arrows) within the 


gray—white matter junctions, corpus callosum, basal ganglia, 
brainstem, and mesencephalon. Classification of DAI was 
first described in 1982 by Adams and colleagues based on 
location of lesions. DAI grade I (mild) involves microscopic 
changes in the cerebral cortex, corpus callosum, brainstem, 
and cerebellum; grade II (moderate) are gross focal lesions 
in the corpus callosum; and grade III (severe) are focal 
lesions in the dorsolateral portions of the brainstem involv- 
ing the superior cerebellar peduncle [74]. Axonal injury in 
the brainstem is an important indicator for clinical degenera- 
tion to coma in DAI patients [73]. Thalamic injury may also 
occur and are not included in the initial grading system but 
may result in worse clinical outcomes [75]. 

Given the clinical importance of DAI and higher associ- 
ated morbidity and mortality compared to other types of 
extra-axial injuries or hemorrhagic brain contusions, imag- 
ing plays a crucial role in detection and prognosis. As always, 


left lateral temporal lobe. A CT scan performed 12 h later demonstrates 
a marked interval increase in size of the inferolateral left temporal lobe 
hemorrhagic contusion (right image, arrow) 


non-contrast head CT is the modality of choice in the acute 
trauma setting but often underestimates DAI extent espe- 
cially for non-hemorrhagic lesions [72]. Only around 10% of 
patients with DAI show hemorrhagic lesions initially 
(Fig. 7.13), which then can become more apparent in weeks 
following injury as these areas begin to atrophy and undergo 
gliosis with ex-vacuo ventricular dilatation [76]. Thus, when 
patients have clinical findings discrepant with initial CT 
imaging, MRI is often used to improve sensitivity in evalua- 
tion. In the acute setting, DWI sequences can show non- 
hemorrhagic lesions in areas of cytotoxic or vasogenic 
edema [17]. Greater degrees of signal abnormality in the cor- 
pus callosum and brainstem (grade II and III lesions) have 
been shown to correlate with length of comatose state [77]. 
For hemorrhagic lesions, susceptibility-weighted sequences 
can detect microhemorrhages with some reports showing 
SWI to be six times as sensitive as T2* GRE imaging [78] 
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Fig. 7.12 T2-weighted FLAIR (left image) and SWI (right image) MR 
sequences demonstrate extensive chronic hemorrhagic encephalomala- 
cia within the lateral right temporal lobe (arrows) in a patient with a 
severe TBI following a high-speed motor vehicle collision. There is 


Table 7.3 Sequential signal intensity changes of intracranial hemorrhage on MRI (1.5 T) 


What 
happens 


Time 
frame 
Red blood 
cells 


State of 
Hb 


Oxidation 
state 
Magnetic 
properties 
SI on 
TIWI 

SI on 
T2WI 


Hyperacute 
hemorrhage 
Blood leaves the 
vascular system 
(extravasation) 
<12h 


Intact erythrocytes 


Intracellular oxy-Hb 
(HbO;) 


Ferrous (Fe**) no 
unpaired e— 
Diamagnetic (c < 0) 


mor | 


ft (essentially 
imaging of 
high-water content 
of blood, plasma) 


Acute hemorrhage 
Deoxygenation with 
formation of 
deoxy-Hb 
Hours—days (weeks in 
center of hematoma) 
Intact, but hypoxic 
erythrocytes 


Intracellular 
deoxy-Hb (Hb) 


Ferrous (Fe**) 4 
unpaired e— 
Paramagnetic (c > 0) 


= (or |) (no PEDD 
interaction) 

{| T2 PRE 
(susceptibility effect 
from concentration of 
Hb inside RBCs) 


Early subacute 
hemorrhage 

Clot retraction and 
deoxy-Hb is oxidized 
to met-Hb 

A few days 


Still intact, severely 
hypoxic 


Intracellular met-Hb 
(HbOH) (occurs 
initially at periphery 
of clot) 

Ferric (Fe**) 5 
unpaired e— 
Paramagnetic (c > 0) 


tt (PEDD 
interaction) 

{J T2 PRE 
(susceptibility effect 
from concentration 
of Hb inside RBCs) 


Late subacute hemorrhage 
Cell lysis (membrane disruption) 


4-7 days—1 month 


Lysis (solution of lysed cells) 


Extracellular met-Hb (HbOH) 


Ferric (Fe**) 5 unpaired e— 


Paramagnetic (c > 0) 


+t (PEDD interaction) 


tt No T2 PRE (more homogenous 
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associated ex-vacuo dilatation of the temporal horn of the right lateral 
ventricle (left image, arrowhead). Additionally, there is evidence of 
chronic hemorrhagic axonal injury involving the superior cerebellar 
peduncles (right image, arrowheads) 


Chronic hemorrhage 
Macrophages digest 
the clot 


Weeks-—years 


Gone; 
encephalomalacia with 
proteinaceous fluid 
Hemosiderin 
(insoluble) and ferritin 
(water soluble) 


Ferric (Fe**) 2000 x 5 
unpaired e— 

FeOOH is 
superparamagnetic 

7x (or |) (no PEDD 
interaction) 

{| T2 PRE 


distribution across intracellular and (susceptibility effect) 


extracellular compartments after 


cell lysis reduces local 
susceptibility effects) 


Legend: Hb hemoglobin, e electron, FeOOH ferric oxyhydroxide, Î increased SI relative to normal gray matter, | decreased SI relative to normal 
gray matter, PRE proton relaxation enhancement, PEDD proton-electron dipolar-dipolar 
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Fig. 7.13 Axial non-contrast head CT images performed on a coma- 
tose patient with a severe TBI demonstrate bilateral frontal lobe acute 
hemorrhagic contusions in the frontal lobes (top left and right images, 
arrowheads) as well as multifocal punctate acute microhemorrhages in 
a linear pattern in the left superior frontal gyrus compatible with trau- 
matic hemorrhagic axonal shear injuries (top left image, arrow). 
T2-weighted FLAIR demonstrates multifocal regions of white matter 
edema within the left superior frontal gyrus (middle left image, arrow) 


(Fig. 7.14). Bland T2 hyperintense white matter lesions may 
be present in patients with DAI but are nonspecific findings 
and can also be seen in nontraumatic causes such as isch- 
emia, demyelination, migraines, vasculopathies, etc. A linear 
pattern along the vectors of the force applied to the brain and 
an association of these T2 hyperintensities with regions of 
diffusion restriction and microhemorrhage are important to 
distinguish DAI from other nonspecific causes [79]. More 
focal regions of traumatic axonal injury (TAD which may be 
seen on MRI are also now understood to occur in less severe 
clinical cases. 

Diffusion tensor imaging (DTI) has emerged as an MRI 
technique that can study white matter and potential white 
matter injury. DTI uses orthogonal diffusion vectors and can 


associated with numerous foci of microhemorrhage on SWI within the 
bilateral superior frontal gyri (lower left image, arrows) confirming the 
hemorrhagic axonal shear injuries. The T2-weighted FLAIR sequence 
also depicts a focal region of cortical/subcortical edema (middle right 
image, arrow) corresponding to cortical hemorrhage on the SWI (lower 
right image, arrow) within the posterolateral left frontal lobe confirm- 
ing a hemorrhagic contusion 


measure directional diffusion. In group studies, DTI has 
been shown to demonstrate anisotropy changes in white mat- 
ter in patients with TBI compared with controls even in the 
absence of T2 FLAIR and susceptibility abnormalities [80, 
81]. Changes in fractional anisotropy after TBI can be 
confusing (elevated vs depressed compared with normal), 
and this inconsistency is now believed to relate to timing 
after injury. Clinical use of DTI as a TAI biomarker remains 
challenging due to heterogeneity in data acquisition and 
analysis methods, variance across the normal population, 
and heterogeneity of head injuries. Ongoing research is still 
underway to better understand and characterize white matter 
injury using multicompartment diffusion modeling and to try 
to identify potential clinical uses. 
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Fig. 7.13 (continued) 
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Fig. 7.14 SWI demonstrates numerous punctate and linear foci of sus- 
ceptibility compatible with traumatic hemorrhagic axonal shear injuries 
within the subcortical white matter of the left frontal lobe and the cor- 


7.8 Vascular Injury 

Vascular injuries may occur with head trauma including arte- 
rial dissection, pseudoaneurysm, active extravasation, vascu- 
lar occlusion, carotid cavernous fistula, dural arteriovenous 
fistula, and venous thrombosis. Patients with severe DAI and 
cerebral edema may also develop diffuse vascular injury, 
which is shown when dark areas of SWI susceptibility arti- 
fact surround engorged veins indicating areas of venous sta- 
sis [82]. Several guidelines exist for imaging use when 
vascular injury is suspected including the Denver and 
Western Trauma Association criteria. Consensus is that any 
head trauma with a skull base fracture or penetration neck 
injury extending through the carotid canal, particularly zone 
II (through superior angle of mandible) should be further 
evaluated with angiography [83]. 


7.8.1 Carotid Artery-Cavernous Sinus Fistula 


(CCF) 


Carotid artery-cavernous sinus fistula (CCF) can have differ- 
ent etiologies but occur in the setting of trauma when the 
cavernous segment of the internal carotid artery is injured 
result in a direct communication between the arterial system 
and the venous system of the cavernous sinus. This fistulous 
connection may lead to dilation of the cavernous sinus and 
secondary enlargement of the superior ophthalmic vein 
(SOV) and inferior petrosal sinus [8]. Characteristic imaging 
shows enlarged cavernous sinus or ipsilateral SOV with mul- 


pus callosum (arrows) in a young male patient that suffered a moderate 
TBI following a motorcycle accident 


tiple flow voids on MRI and clinical symptoms include 
injected conjunctiva, pulsatile exophthalmos, and periorbital 
edema (Fig. 7.15). 


7.8.2 Traumatic Aneurysms 


Post-traumatic intracranial aneurysms are rare, accounting 
for <1% of all aneurysms and occur most commonly in chil- 
dren [84]. Common locations include the cavernous and 
infraclinoid internal carotid artery as well as the anterior 
cerebral artery. As with all intracerebral aneurysms, standard 
assessments include CTA/MRA and catheter digital subtrac- 
tion angiography. 


7.8.3 Traumatic Vascular Dissection 


Damage to the intimal layer of an artery may result in the 
creation of a false lumen with blood diverting into the media 
through the dissection flap. Sometimes even minor neck 
injury can result in cervical vascular dissections with resul- 
tant potential vascular compromise of the brain. Intracranial 
dissection is less common, and severe cases can be associ- 
ated with adjacent fractures causing direct damage to the 
vessels or result from rotational force in blunt head trauma 
[85]. The incidence of internal carotid and vertebral artery 
dissections in the setting of head trauma is 0.86% and 0.53%, 
respectively [86]. 
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Fig. 7.15 A young male patient developed bilateral ocular proptosis 
and chemosis while hospitalized for a recent severe TBI with non- 
displaced skull base fracture. The axial T1-weighted MR image demon- 
strates enlargement of the bilateral superior ophthalmic veins, left more 
than right (top left image, arrows). The coronal T2-weighted image 
demonstrates small bilateral post-traumatic subdural hygromas (bottom 
left image, arrowheads) and a small inferior left frontal hemorrhagic 
contusion (bottom left image, arrow). The time-of-flight gradient echo 


CTA and MRA are the most commonly utilized imaging 
modalities and are highly accurate in the assessment of the 
integrity of the cervical arteries and to assess for luminal nar- 
rowing. Anatomic black-blood MRI sequences may also 
show a high intensity “crescent sign” on Tl-weighted and 
T2-weighted sequences indicating an intramural hematoma 
at the site of the dissection with a concomitant flow void or 
abnormal contour on MRA [87] (Fig. ). Ultrasound is 


MRA demonstrates arterialized flow-related enhancement within the 
bilateral cavernous sinuses and left superior ophthalmic vein (top right 
image, arrows). The left ICA arterial phase digital subtraction catheter 
angiogram (anteroposterior projection) confirmed the presence of a 
direct carotid cavernous fistula with pronounced early arterial phase 
opacification of the cavernous sinuses and ophthalmic veins (bottom 
right image, arrows) 


also being increasingly used for detection, particularly with 
B mode and color flow doppler. Conventional catheter angi- 
ography remains a useful tool for diagnosing cervical and 
intracranial arterial dissections and may show features such 
as the “string sign” or “flame shaped tapering,’ however in 
current practice is reserved primarily for endovascular 
therapy. 
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Fig. 7.16 CTA was performed in a young patient complaining of left 
neck pain following a concussion while playing ice hockey. The CTA 
demonstrates a linear intimal flap and pseudoaneurysm of the distal left 
internal carotid artery located directly below the skull base compatible 
with a traumatic dissection and pseudoaneurysm (left image, arrows). 


7.9 Secondary Complications 


7.9.1 Definition 

Secondary intracranial complications are worth discussing 
and can be clinically critically important. These are sequelae 
that result as a series of pathophysiologic events triggered by 
the initial injury that then may lead to further tissue injury 
and neuron loss. 


7.9.2 Intracranial Hypertension 

Intracranial hypertension may result after head trauma due to 
swelling, edema, or hemorrhage and can continue to increase 
in the initial days after injury, leading to progressive and 
sometimes precipitous decline. Suspicious imaging findings 
include diffuse sulcal effacements, compression of the ven- 
tricles, enlarging hematomas, and/or herniation. These find- 
ings have been found to have a linear relationship with 
increased intracranial pressure and can help guide manage- 
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Crescentic T1 and T2 hyperintensity are also present on the anatomic 
T1-weighted and T2-weighted sequences performed through the upper 
neck that represented the subintimal hematoma and confirmed a trau- 
matic ICA dissection (right images, arrows) 


ment including placement of ICP monitors, need for neuro 
ICU care with close ICP monitoring, surgical intervention 
such as CSF drainage, hematoma evacuation, or decompres- 
sive craniotomy [98]. 


7.9.2.1 Brain Herniation 

Profound intracranial hypertension may lead to multiple sec- 
ondary injuries of which brain herniation is the most danger- 
ous. The mass effect from increased pressure can result in 
obliteration of the basal cisterns, subarachnoid spaces, and 
non-communicating hydrocephalus if ventricular outflow is 
obstructed. Compression of important vascular structures 
can lead to brain infarction thus leading to a cascade of neu- 
rologic damage. Herniation patterns are described in 
Table 


7.9.2.2 Secondary Brainstem Hemorrhage (Duret 
Hemorrhage) 

Rapid downward cerebral herniation can lead to a devastat- 

ing effect, hemorrhage within a compressed brainstem. CT 

findings show hyperdense blood in the brainstem typically in 
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Table 7.4 Cerebral herniation types 


A. J. Tsiouris and Y. W. Lui 


Type of Subfalcine Descending Ascending 
herniation (cingulate) Tonsillar transtentorial transtentorial Uncal External 
Definition Medial cingulate Downward Downward shift of | Superior Herniation of Brain tissue 
gyrus displacement displacement of diencephalon, displacement of medial temporal extrudes externally 
under inferior free cerebellar tonsil(s) mesencephalon, and the vermis through lobe through through a skull 
margin of the falx through foramen upper brainstem the tentorial tentorial notch defect 
magnum incisura 
Cause Supratentorial mass Posterior fossa Supratentorial mass Posterior fossa Temporal mass Increased ICP in 
(ce, EDH, SDH: mass lesion or effect mass lesion lesion, e.g., focal association with a 
mass lesion, ...) supratentorial mass hematoma traumatic or 
effect surgical skull 
defect 
Occasionally can 
occur with 
postoperative 
pressure gradient 
and shifts without 
frank elevation of 
ICP 
Imaging e Unilateral e Inferior e Obliterated e Obliterated e Obliterated e Extracranial 
intracranial displacement peri- fourth suprasellar displacement 
mass or lesion of cerebellar mesencephalic ventricle cistern of brain tissue 
e Falx bowing tonsils cisterns with ° Effaced e Mesencephalon e Bone defect 
e Compressed e Obliterated plugging of superior shifts to 
ipsilateral cisterna magna tentorial cerebellar and opposite side 
lateral ventricle incisura quadrigeminal e Widening of 
e Enlarged e Downward shift cisterns ipsilateral CPA 
contralateral of pineal cistern 
ventricle calcification e Hydrocephalus 
(obstructed e Foreshortened (due to 
foramen of and compressed aqueductal 
Monro) brainstem obstruction) 
Potential ACA (pericallosal PICA PCA SCA Contralateral PCA Venous infarction 
vascular and callosomarginal (propensity to 
structures arteries) hemorrhage) 
compromised 
Other Intracranial Hydrocephalus and Duret (brainstem) Hydrocephalus Progression to Pressure necrosis 
complications hypertension may syringomyelia hemorrhage descending with swelling of 
cause descending transtentorial the adjacent brain 
transtentorial h herniation at the margins of 


the lower midbrain/ventral pons. A recent large meta-analysis 
implicated damage to anteromedial basilar artery perforators 
after sudden descending herniation [88] as the main cause. 
Outcome in the setting of Duret hemorrhage is poor and 
often fatal. 


7.9.3 Ischemia and Infarction 

Post-traumatic ischemia is another secondary effect of 
trauma that leads to poorer clinical outcomes. MRI is most 
sensitive to detect secondary ischemic injury as areas of 
increased signal intensity on T2-weighted images with cor- 
responding restricted diffusion [89]. The most common post- 


the defect 


traumatic ischemic injury is inflicted on the ipsilateral 
posterior cerebral artery territory due to supratentorial mass 
effect. Causes can be extra-axial or intracranial hemorrhage 
resulting in mass effect and downward transtentorial hernia- 
tion. Buildup of supratentorial pressure and mass effect may 
ultimately lead to impingement of the posterior cerebral 
artery between the free edge of the tentorium and the herniat- 
ing brain. Anterior cerebral artery impingement can occur 
along the free edge of the falx in the setting of subfalcine 
herniation. Frank compression of the middle cerebral artery 
is less common [89, 90]. More distal vessel compromise can 
also occur relating to vasospasm in the setting of acute sub- 
arachnoid hemorrhage. 


7 Neuroimaging Update on Traumatic Brain Injury 


7.9.4 Infections 

Penetrating head trauma (Figs. 7.17 and 7.18) involving con- 
taminated foreign objects or the introduction of non-sterile 
portions of the patient’s own anatomy (paranasal sinuses, 


4 
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Fig. 7.17 Gunshot wound to the left parietal lobe by a stray bullet in a 
young child, initial non-contrast CT scan. The 3D volume rendered 
reconstructed CT scan through the skull and the sagittal CT scan recon- 
structed images demonstrate a complex elevated comminuted fracture 
through the bilateral parietal bones (top left and right images, arrows). 
Axial non-contrast CT scan images demonstrate the bullet fragments 
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skin, etc.), which then penetrate the intracranial compart- 
ment can introduce bacteria and other infectious agents. The 
spectrum of post-traumatic infection ranges from local 
wound/scalp infection and cellulitis to more hazardous intra- 
cranial infections such as meningitis, ventriculitis, cerebritis, 


lodged within the left parietal lobe associated with multiple foci of 
intracranial air and microhemorrhage (bottom left and right images, 
arrows). The non-contrast CT scan also shows diffuse sulcal effacement 
and ventricular compression compatible with diffuse cerebral edema 
and raised ICP 
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Fig. 7.18 Gunshot wound to the left parietal lobe by a stray bullet ina  paramedial occipital lobe infarction from herniation and compression 
young child, follow-up MRI scan. Extensive edema and hemorrhage are of the posterior cerebral arteries (top right image, arrowheads). 
present within the left parietal lobe along the bullet track (top left T2-weighted FLAIR (bottom left image) and SWI (bottom right image) 
image, arrow). The diffusion-weighted images demonstrate a large left show the related edema and hemorrhage in the left parietal lobe 
parietal contusion/infarction (top right image, arrow). Note the bilateral 
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and abscess [91]. Imaging findings may show abnormal 
enhancement of the leptomeninges, ventricles, or a rim 
enhancing collection, respectively, on contrast-enhanced 
studies, with MRI having greater sensitivity. Classically, 
areas of pyogenic infection will carry signature restricted 
diffusion. 


7.10 Post-traumatic Sequelae 
7.10.1 Post-traumatic Encephalomalacia 


In the later phases after serious head trauma, many chronic 
changes can occur to the brain. Post-traumatic encephaloma- 
lacia is the long-term result of brain tissue loss and death. 
After the initial insult, the damaged brain tissue undergoes 
gliosis or scarring often with surrounding cystic cavitation 
commonly called encephalomalacia [92]. The most common 
areas of post-traumatic encephalomalacia are the anterior 
and basal portions of the temporal lobes as these are often 
injured from contusions from the impact against the skull 
base [93]. CT imaging reveals atrophic hypodense regions, 
and MRI demonstrates gliotic T2 hyperintense and/or cystic 
regions that correlate to the post-traumatic contusions and/or 
infarctions. Long-term clinical symptoms from encephalo- 
malacia depend on the extent and location of the injury, as 
well as individual factors such as age and plasticity of the 
brain at the time of injury. Deficits may vary but can include 
chronic focal neurological deficits, behavioral changes, and 
seizures, and may result in life-long disability [93]. 


7.10.2 Traumatic CSF Leak 


Cerebral spinal fluid (CSF) leak is another complication seen 
in up to 2% after head trauma, with 12-30% reported in 
cases involving skull base fractures [94]. Leaks may also 
occur at the cribriform plate and along the walls of the fron- 
tal sinuses often associated with fractures that involve com- 
munications between the paranasal sinuses and intracranial 
compartment [95]. CSF leaks can be difficult to detect but 
signs of pneumocephalus can help point to areas of potential 
leak. Persistent sinus opacification adjacent to a fracture can 
be another important clue. If CSF leak is suspected into the 
paranasal sinuses, nasopharynx, or nasal passages, sampling 
of nasal fluid and testing for beta-2 transferrin can be done 
for confirmation. Chronic CSF leaks may present with intra- 
cranial hypotension and its concomitant imaging findings or 
recurrent meningitis. Both CT and MR, contrast-enhanced 
cisternography,and/or myelography can be useful to try to 
localize leaks. 
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7.10.3 Growing Skull Fracture 


Growing fractures are rare though may occur in pediatric 
patients [96]. Incidence is reported as about <0.05—-1.6% of 
cases. Findings include a fracture line which continues to 
widen due to increased extra-axial brain herniation from the 
skull defect. These cases may be associated with meningo- 
celes and/or encephalomalacia as the herniated brain paren- 
chyma begins to infarct [97]. 


7.10.4 Diabetes Insipidus (DI) 


Trauma to the pituitary infundibulum can result in central 
diabetes insipidus (DI). Evaluation of the pituitary gland is 
typically done with dedicated MRI. Healthy patients typi- 
cally have T1 hyperintensity in the posterior pituitary gland. 
Lack of this bright spot may be seen in DI though the finding 
is nonspecific [98]. Findings of an ectopic posterior pituitary 
can be seen congenitally; however, in the setting of a history 
of significant head trauma and acute onset DI, can indicate a 
proximal stump from a transected infundibulum or a retracted 
stalk. 


7.11 Concluding Remarks 

Cross-sectional imaging for patients who sustain craniocere- 
bral trauma is an essential tool for prognosis and manage- 
ment. Both CT and MRI have revolutionized our ability to 
detect the sequelae of acute head trauma inside the cranial 
vault and determine the potential effects on the brain. 
Unenhanced CT is a critical tool for initial diagnosis of 
severity and extent of injury as well as to appropriately triage 
patients that need close monitoring and/or immediate neuro- 
surgical intervention. CT is the primary imaging modality 
because of its speed, availability, lack of contraindications, 
and high sensitivity for hemorrhage and fractures. MRI is 
useful in many circumstances and provides unparalleled tis- 
sue contrast without ionizing radiation. MRI is used in situa- 
tions such as assessing complications, working up patients 
with clinical and CT discordance, and as a more sensitive 
tool to detect intracranial injury. Overall, given the high inci- 
dence of TBI-related injuries globally especially in elderly 
and young populations, imaging continues to be crucial for 
diagnosis and understanding patterns of injury to provide 
optimal management for these patients. 
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Take-Home Messages 

e Traumatic brain injury is common and can affect 
individuals of all ages. 

e Neuroimaging is critical for assessment and triage 
of patients who have sustained head trauma. 

e CT and MRI are complementary: CT is widely 
available in emergency settings and MRI is sensi- 
tive to more subtle injuries. 


References 


1. Peterson AB, Zhou H, Thomas KE. Disparities in traumatic 


brain injury-related deaths-United States, 2020. J Saf Res. 
2022;83:419-26. 


2. Capizzi A, Woo J, Verduzco-Gutierrez M. Traumatic brain injury: 


an overview of epidemiology, pathophysiology, and medical man- 
agement. Med Clin North Am. 2020;104:213-38. 


3. Haarbauer-Krupa J, Pugh MJ, Prager EM, et al. Epidemiology 


of chronic effects of traumatic brain injury. J Neurotrauma. 
2021;38:3235—47. 


4. Teasdale G, Maas A, Lecky F, et al. The Glasgow coma scale at 40 


years: standing the test of time. Lancet Neurol. 2014;13:844—-54. 


5. Brown JB, Forsythe RM, Stassen NA, et al. Evidence-based 


improvement of the National Trauma triage protocol: the Glasgow 
coma scale versus Glasgow coma scale motor subscale. J Trauma 
Acute Care Surg. 2014;77:95-102. 


6. Shih RY, Burns J, Ajam AA, et al. ACR Appropriateness Criteria® 


head trauma: 2021 update. J Am Coll Radiol. 2021;18:S13-36. 


7. Mower WR, Gupta M, Rodriguez R, et al. Validation of the sen- 


sitivity of the National Emergency X-Radiography Utilization 
Study (NEXUS) head computed tomographic (CT) decision 
instrument for selective imaging of blunt head injury patients: an 
observational study. PLoS Med. 2017;14:e1002313. 


8. Wintermark M, Sanelli PC, Anzai Y, et al. Imaging evidence and 


recommendations for traumatic brain injury: conventional neuro- 
imaging techniques. J Am Coll Radiol. 2015;12:e1-14. 


9. Wei SC, Ulmer S, Lev MH, et al. Value of coronal reformations in 


the CT evaluation of acute head trauma. AJNR Am J Neuroradiol. 
2010;31:334-9. 


10. Ayhan KA, Celik SE, Dalbayrak S, Yilmaz M, Akansel G, Tireli 


G. Magnetic resonance imaging finding in severe head injury 
patients with normal computerized tomography. Turk Neurosurg. 
2008;18(1):1-9. 


11. Gentry LR, Godersky JC, Thompson B, et al. Prospective com- 


12. 


parative study of intermediate-field MR and CT in the evaluation 
of closed head trauma. AJR Am J Roentgenol. 1988;150:673-82. 
Han JS, Kaufman B, Alfidi RJ, et al. Head trauma evaluated by 
magnetic resonance and computed tomography: a comparison. 
Radiology. 1984;150:71-7. 


13. Paterakis K, Karantanas AH, Komnos A, et al. Outcome of patients 


14. 


with diffuse axonal injury: the significance and prognostic value 
of MRI in the acute phase. J Trauma. 2000;49: 1071-5. 

Kelly AB, Zimmerman RD, Snow RB, et al. Head trauma: com- 
parison of MR and CT—experience in 100 patients. AJNR Am J 
Neuroradiol. 1988;9:699-708. 


15. Chiara Ricciardi M, Bokkers RPH, Butman JA, et al. Trauma- 


specific brain abnormalities in suspected mild traumatic brain 
injury patients identified in the first 48 hours after injury: a 
blinded magnetic resonance imaging comparative study includ- 


20. 


21. 


22. 


23: 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33, 


34. 


35. 


36. 


A.J. Tsiouris and Y. W. Lui 


ing suspected acute minor stroke patients. J Neurotrauma. 
2017;34:23-30. 


. Huang YL, Kuo YS, Tseng YC, et al. Susceptibility-weighted MRI 


in mild traumatic brain injury. Neurology. 2015;84:580-S. 


. Hergan K, Schaefer PW, Sorensen AG, et al. Diffusion- 


weighted MRI in diffuse axonal injury of the brain. Eur Radiol. 
2002; 12:2536-41. 


. Kim SC, Park SW, Ryoo I, et al. Contrast-enhanced FLAIR (fluid- 


attenuated inversion recovery) for evaluating mild traumatic brain 
injury. PLoS One. 2014;9:e102229. 


. Slasky SE, Rivaud Y, Suberlak M, et al. Venous sinus thrombo- 


sis in blunt trauma: incidence and risk factors. J Comput Assist 
Tomogr. 2017;41:891-7. 

Netteland DF, Sandset EC, Mejlender-Evjensvold M, et al. 
Cerebral venous sinus thrombosis in traumatic brain injury: a 
systematic review of its complications, effect on mortality, diag- 
nostic and therapeutic management, and follow-up. Front Neurol. 
2023;13:1079579. 

Rischall MA, Boegel KH, Palmer CS, et al. MDCT venographic 
patterns of dural venous sinus compromise after acute skull frac- 
ture. AJR Am J Roentgenol. 2016;207:852-8. 

Xiong KL, Zhu YS, Zhang WG. Diffusion tensor imaging and 
magnetic resonance spectroscopy in traumatic brain injury: a 
review of recent literature. Brain Imaging Behav. 2014;8:487-96. 
Jensen JH, Helpern JA. MRI quantification of non-gaussian water 
diffusion by kurtosis analysis. NMR Biomed. 2010;23:698-7 10. 
Hamrah H, Mehrvarz S, Mirghassemi AM. The frequency of 
brain CT-scan findings in patients with scalp lacerations following 
mild traumatic brain injury; A cross-sectional study. Bull Emerg 
Trauma. 2018;6:54-8. 

Malli N, Ehammer T, Yen K, et al. Detection and characterization 
of traumatic scalp injuries for forensic evaluation using computed 
tomography. Int J Legal Med. 2013;127:195-200. 

Ojumah N, Ramdhan RC, Wilson C, et al. Neurological neonatal 
birth injuries: a literature review. Cureus. 2017:9. 

Wang H, Zhou Y, Liu J, et al. Traumatic skull fractures in chil- 
dren and adolescents: a retrospective observational study. Injury. 
2018;49:219-25. 

Satardey R, Balasubramaniam S, Pandya J, et al. Analysis of fac- 
tors influencing outcome of depressed fracture of skull. Asian J 
Neurosurg. 2018;13:341-7. 

Archer JB, Sun H, Bonney PA, et al. Extensive traumatic anterior 
skull base fractures with cerebrospinal fluid leak: classification 
and repair techniques using combined vascularized tissue flaps. J 
Neurosurg. 2016;124:647—56. 

Rivkin MA, Saraiya PV, Woodrow SI. Sinovenous thrombosis 
associated with skull fracture in the setting of blunt head trauma. 
Acta Neurochir. 2014;156:999-1007. 

Dreizin D, Sakai O, Champ K, et al. CT of skull base frac- 
tures: classification systems, complications, and management. 
Radiographics. 2021;41:762-82. 

Faried A, Halim D, Widjaya IA, et al. Correlation between the 
skull base fracture and the incidence of intracranial hemor- 
rhage in patients with traumatic brain injury. Chin J Traumatol. 
2019;22:286-9. 

Nakahara K, Shimizu S, Utsuki S, et al. Linear fractures occult on 
skull radiographs: a pitfall at radiological screening for mild head 
injury. J Trauma. 2011;70:180-2. 

Ringl H, Schernthaner R, Philipp MO, et al. Three-dimensional 
fracture visualisation of multidetector CT of the skull base in 
trauma patients: comparison of three reconstruction algorithms. 
Eur Radiol. 2009;19:2416-24. 

Gupta VK, Seth A. “Swirl Sign” in extradural hematoma. World 
Neurosurg. 2019;121:95-6. 

Rincon S, Gupta R, Ptak T. Imaging of head trauma. Handb Clin 
Neurol. 2016;135:447-77. 


7 Neuroimaging Update on Traumatic Brain Injury 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


$2. 


53. 


54. 


55. 


56. 


ST: 


58. 


Tallon JM, Ackroyd-Stolarz S, Karim SA, et al. The epidemiology 
of surgically treated acute subdural and epidural hematomas in 
patients with head injuries: a population-based study. Can J Surg. 
2008;51:339-45. 

Parizel PM, Van Goethem JW, Ozsarlak O, et al. New develop- 
ments in the neuroradiological diagnosis of craniocerebral trauma. 
Eur Radiol. 2005;15:569-81. 

Amoo M, Henry J, Alabi PO, et al. The “swirl sign” as a marker 
for haematoma expansion and outcome in intra-cranial haemor- 
rhage: a meta-analysis. J Clin Neurosci. 2021;87:103-11. 

Parker SL, Kabani AA, Conner CR, et al. Management of 
venous sinus-related epidural hematomas. World Neurosurg. 
2020; 138:e241-S0. 

Su TM, Lee TH, Lee TC, et al. Acute clinical deterioration of pos- 
terior fossa epidural hematoma: clinical features, risk factors and 
outcome. Chang Gung Med J. 2012;35:271-80. 

Gean AD, Fischbein NJ, Purcell DD, et al. Benign anterior tem- 
poral epidural hematoma: indolent lesion with a characteris- 
tic CT imaging appearance after blunt head trauma. Radiology. 
2010;257:212-8. 

Carroll JJ, Lavine SD, Meyers PM. Imaging of subdural hemato- 
mas. Neurosurg Clin N Am. 2017;28:179-203. 

Lim M, Kheok SW, Lim KC, et al. Subdural haematoma mimics. 
Clin Radiol. 2019;74:663-75. 

Sieswerda-Hoogendoorn T, Postema FAM, Verbaan D, et al. Age 
determination of subdural hematomas with CT and MRI: a sys- 
tematic review. Eur J Radiol. 2014;83:1257-68. 

Senturk S, Guzel A, Bilici A, et al. CT and MR imaging of chronic 
subdural hematomas: a comparative study. Swiss Med Wkly. 
2010;140:335—40. 

Honda Y, Sorimachi T, Momose H, et al. Chronic subdural hae- 
matoma associated with disturbance of consciousness: signifi- 
cance of acute-on-chronic subdural haematoma. Neurol Res. 
2015;37:985-92. 

Zanini MA, De Lima Resende LA, De Souza Faleiros AT, et al. 
Traumatic subdural hygromas: proposed pathogenesis based clas- 
sification. J Trauma. 2008;64:705-13. 

Yu J, Tang J, Chen M, et al. Traumatic subdural hygroma and 
chronic subdural hematoma: a systematic review and meta- 
analysis. J Clin Neurosci. 2023;107:23-33. 

Brennan PM. Treatment decision making in acute subdural hae- 
matoma. Lancet Neurol. 2022;21:581-2. 

Ironside N, Nguyen C, Do Q, et al. Middle meningeal artery 
embolization for chronic subdural hematoma: a systematic review 
and meta-analysis. J Neurointerv Surg. 2021;13:951-7. 

Edjlali M, Rodriguez-RéGent C, Hodel J, et al. Subarachnoid hem- 
orrhage in ten questions. Diagn Interv Imaging. 2015;96:657-66. 
Le6n-Carrién J, Dominguez-Morales MDR, Barroso y Martin JM, 
et al. Epidemiology of traumatic brain injury and subarachnoid 
hemorrhage. Pituitary. 2005;8:197—202. 

Fainardi E, Chieregato A, Antonelli V, et al. Time course of CT 
evolution in traumatic subarachnoid haemorrhage: a study of 141 
patients. Acta Neurochir. 2004; 146:257-63. 

Verma RK, Kottke R, Andereggen L, et al. Detecting subarach- 
noid hemorrhage: comparison of combined FLAIR/SWI versus 
CT. Eur J Radiol. 2013;82:1539-45. 

Griswold DP, Fernandez L, Rubiano AM. Traumatic subarachnoid 
hemorrhage: a scoping review. J Neurotrauma. 2022;39:35—-48. 
Mata-Mbemba D, Mugikura S, Nakagawa A, et al. Traumatic 
midline subarachnoid hemorrhage on initial computed tomog- 
raphy as a marker of severe diffuse axonal injury. J Neurosurg. 
2018;129:1317—24. 

Busl KM. Subarachnoid Hemorrhage. Continuum (Minneap 
Minn). 2021;27:1201-45. 


59. 


60. 


6l. 


62. 


63: 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73: 


74. 


75. 


76. 


77. 


78. 


79. 


111 


Perrein A, Petry L, Reis A, et al. Cerebral vasospasm after 
traumatic brain injury: an update. Minerva Anestegiol. 
2015;81:1219-28. 

Abraszko RA, Zurynski YA, Dorsch NW. The significance of 
traumatic intraventricular haemorrhage in severe head injury. Br 
J Neurosurg. 1995;9:769-74. 

Li CY, Chuang CC, Chen CC, et al. The role of intraventricular 
hemorrhage in traumatic brain injury: a novel scoring system. J 
Clin Med. 2022;11:2127. 

Matsukawa H, Shinoda M, Fujii M, et al. Intraventricular hemor- 
rhage on computed tomography and corpus callosum injury on 
magnetic resonance imaging in patients with isolated blunt trau- 
matic brain injury. J Neurosurg. 2012;117:334-9. 

Wu Z, Li S, Lei J, et al. Evaluation of traumatic subarachnoid 
hemorrhage using susceptibility-weighted imaging. AJNR Am J 
Neuroradiol. 2010;31:1302-10. 

Sohn C-H, Baik S-K, Lee H-J, et al. MR imaging of hyperacute 
subarachnoid and intraventricular hemorrhage at 3T: a prelimi- 
nary report of gradient echo T2*-weighted sequences. AJNR Am 
J Neuroradiology. 2005;26:662-5. 

Shafiei M, Sabouri M, Veshnavei HA, et al. Predictors of radio- 
logical contusion progression in traumatic brain injury. Int J Burns 
Trauma. 2023;13:58-64. 

Toyama Y, Koboyashi T, Nishiyama Y, et al. CT for acute stage of 
closed head injury. Radiat Med. 2005;23:309-16. 

Yue JK, Winkler EA, Puffer RC, et al. Temporal lobe contusions 
on computed tomography are associated with impaired 6-month 
functional recovery after mild traumatic brain injury: a TRACK- 
TBI study. Neurol Res. 2018;40:972-81. 

Alahmadi H, Vachhrajani S, Cusimano MD. The natural history of 
brain contusion: an analysis of radiological and clinical progres- 
sion. J Neurosurg. 2010;112:1139-45. 

Kurland D, Hong C, Aarabi B, et al. Hemorrhagic progression of 
a contusion after traumatic brain injury: a review. J Neurotrauma. 
2012;29:19-31. 

Sriyook A, Gupta R. Imaging of head trauma: pearls and pitfalls. 
Radiol Clin N Am. 2023;61:535-49. 

Hammoud DA, Wasserman BA. Diffuse axonal injuries: 
pathophysiology and imaging. Neuroimaging Clin N Am. 
2002; 12:205-16. 

Su E, Bell M. Diffuse axonal injury. Translational research in trau- 
matic brain injury boca. Raton, FL: CRC Press/Taylor and Francis 
Group; 2016. [Epub ahead of print] 

Li XY, Feng DF. Diffuse axonal injury: novel insights into detec- 
tion and treatment. J Clin Neurosci. 2009;16:614—9. 

Adams JH, Graham DI, Murray LS, et al. Diffuse axonal injury 
due to nonmissile head injury in humans: an analysis of 45 cases. 
Ann Neurol. 1982;12:557-63. 

Abu Hamdeh S, Marklund N, Lannsjé M, et al. Extended ana- 
tomical grading in diffuse axonal injury using MRI: hemorrhagic 
lesions in the substantia nigra and mesencephalic tegmentum indi- 
cate poor long-term outcome. J Neurotrauma. 2017;34:341-52. 
Provenzale JM. Imaging of traumatic brain injury: a review of the 
recent medical literature. AJR Am J Roentgenol. 2010;194:16-9. 
Zheng WB, Liu GR, Li LP, et al. Prediction of recovery from 
a post-traumatic coma state by diffusion-weighted imaging 
(DWI) in patients with diffuse axonal injury. Neuroradiology. 
2007;49:271-9. 

Tong KA, Ashwal S, Obenaus A, et al. Susceptibility-weighted 
MR imaging: a review of clinical applications in children. AJNR 
Am J Neuroradiol. 2008;29:9-17. 

Shetty T, Nguyen JT, Cogsil T, et al. Clinical findings in a multi- 
center MRI study of mild TBI. Front Neurol. 2018;9:836. 


112 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


Chan JHM, Tsui EYK, Peh WCG, et al. Diffuse axonal injury: 
detection of changes in anisotropy of water diffusion by diffusion- 
weighted imaging. Neuroradiology. 2003;45:34-8. 

Hulkower MB, Poliak DB, Rosenbaum SB, et al. A decade of DTI 
in traumatic brain injury: 10 years and 100 articles later. AJNR 
Am J Neuroradiol. 2013;34:2064—74. 

Iwamura A, Taoka T, Fukusumi A, et al. Diffuse vascular injury: 
convergent-type hemorrhage in the supratentorial white matter on 
susceptibility-weighted image in cases of severe traumatic brain 
damage. Neuroradiology. 2012;54:335-43. 

Sperry JL, Moore EE, Coimbra R, et al. Western trauma asso- 
ciation critical decisions in trauma: penetrating neck trauma. J 
Trauma Acute Care Surg. 2013;75:936—-40. 

Bhaisora KS, Behari S, Godbole C, et al. Traumatic aneurysms 
of the intracranial and cervical vessels: a review. Neurol India. 
2016;64(Suppl):S 14-23. 

Simon LV, Nassar AK. Vertebral artery injury; 2023. 

Schievink WI. Spontaneous dissection of the carotid and vertebral 
arteries. N Engl J Med. 2001;344:898-906. 

Hakimi R, Sivakumar S. Imaging of carotid dissection. Curr Pain 
Headache Rep. 2019;23 

Beucler N, Cungi PJ, Dagain A. Duret brainstem hemorrhage after 
transtentorial descending brain herniation: a systematic review 
and meta-analysis. World Neurosurg. 2023;173:25 1—262.e4. 
Server A, Dullerud R, Haakonsen M, et al. Post-traumatic cerebral 
infarction. Neuroimaging findings, etiology and outcome. Acta 
Radiol. 2001;42:254-60. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


A.J. Tsiouris and Y. W. Lui 


Wang WH, Hu LS, Lin H, et al. Risk factors for post-traumatic 
massive cerebral infarction secondary to space-occupying epi- 
dural hematoma. J Neurotrauma. 2014;31:1444—50. 

Vakil MT, Singh AK. A review of penetrating brain trauma: epi- 
demiology, pathophysiology, imaging assessment, complications, 
and treatment. Emerg Radiol. 2017;24:301-9. 

Castellani RJ, Smith M, Bailey K, et al. Neuropathology in con- 
secutive forensic consultation cases with a history of remote trau- 
matic brain injury. J Alzheimers Dis. 2019;72:683-91. 

Kazim SF, Shamim MS, Tahir MZ, et al. Management of penetrat- 
ing brain injury. J Emerg Trauma Shock. 2011;4:395—402. 

Phang SY, Whitehouse K, Lee L, et al. Management of CSF leak in 
base of skull fractures in adults. Br J Neurosurg. 2016;30:596-604. 
Hofmann E, Behr R, Schwager K. Imaging of cerebrospinal fluid 
leaks. Klin Neuroradiol. 2009;19:111-21. 

Drapkin AJ. Growing skull fracture: a posttraumatic neosuture. 
Childs Nerv Syst. 2006;22:394—7. 

Ersahin Y, Gulmen V, Palali I, et al. Growing skull fractures (cra- 
niocerebral erosion). Neurosurg Rev. 2000;23:139-44. 

Makulski DD, Taber KH, Chiou-Tan FY. Neuroimaging in 
posttraumatic hypopituitarism. J Comput Assist Tomogr. 
2008;32:324-8. 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons. 
org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropri- 
ate credit to the original author(s) and the source, provide a link to the Creative Commons license and indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter's Creative Commons license, unless indicated otherwise in 
a credit line to the material. If material is not included in the chapter's Creative Commons license and your intended use is not permitted by statu- 
tory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. 


Check for 
updates 


Differential Diagnosis of Intracranial 


Masses 


Fabrice Bonneville, H. Rolf Jager, 
and James G. Smirniotopoulos 


Abstract 


The differential diagnosis of cerebral mass lesions 
includes neoplastic, inflammatory, infective, and vascular 
lesions, as well as incidental developmental anomalies. A 
differential diagnostic approach should be based on the 
patient’s mode of presentations and prior clinical history, 
as well as on a systematic analysis of imaging patterns. 
This includes anatomical features, such as intra- vs. extra- 
axial, predominant gray matter or white matter involve- 
ment, supra-versus infratentorial, single vs. multiple, as 
well as signal characteristics on standard MR sequences, 
enhancement patterns, and findings on diffusion-weighted 
imaging, and hemorrhage-sensitive and perfusion 
sequences. Here we will discuss primary and secondary 
cerebral neoplasms in broad terms and illustrate the most 
important tumor mimics. 
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Learning Objects 

e Distinguish intra-axial from extra-axial and intra- 
ventricular masses. 

e Describe secondary effects: “volume effect” and 
perilesional vasogenic edema. 

e Distinguish metastatic disease at gray—white junc- 
tion from deeper infiltrating gliomas. 

e Become aware of the most important non-neoplastic 
tumor mimics. 


8.1 Introduction 

Interpretation of imaging of cerebral mass lesion requires 
knowledge about the patient’s clinical presentation and prior 
medical history as well as a systematic approach and aware- 
ness of tumor mimics. Pattern analysis is preferable to pat- 
tern recognition: progression of clinical course (acute-rapid, 
subacute-smoldering, chronic-prolonged); location of lesion 
(intra- vs. extra-axial); secondary effects (volume, edema, 
herniation); enhancement (solid, ring-like or leading edge, 
non-enhancing); blood-products;, MR perfusion, MR spec- 
troscopy (MRS); diffusion-weighted Imaging (DWI and 
ADC values); response to treatment. 


8.2 Time Course of Disease 

Cerebrovascular events usually present acutely; they may 
include epidural, subdural, subarachnoid, or intraparenchy- 
mal hemorrhage (deep or lobar) or ischemic (aphasia, motor 
deficit, etc.) and have typical, mostly unequivocal imaging 
features. However, late subacute ischemic or hemorrhagic 
lesions may lack these typical features and may mimic mass 
lesions. 
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The clinical presentation of brain tumors is variable ranging 
from absent (incidental discovery), minor symptoms, focal 
deficits, to rapid onset neurological decline. Epilepsy is a com- 
mon presentation of brain tumors, as are symptoms of increased 
mass (nausea and vomiting) and cognitive decline. Occasionally, 
an intertumoral hemorrhage can lead to an acute presentation. 

Pseudotumors, which include vascular, inflammatory, and 
infective lesions, have also a variable time course, and some 
lesions (such as enlarge perivascular spaces) are discovered 
incidentally. 


Key Point 

e Every image should be interpreted in the clinical 
context for each patient. When things are inconsis- 
tent, expand your differential diagnosis. 


8.3 Intra-axial Vs. Extra-axial 

Intra-axial lesions involve the parenchyma of the brain (includ- 
ing brainstem and cerebellum). They may follow an anatomic 
distribution (e.g., vascular territory for ischemia/infarction) or 
non-anatomic distribution (abscess). Diffuse gliomas will 
expand the infiltrated gray matter, white matter and tracts, 
causing effacement of ventricles and sulci, midline shift, or 
hydrocephalus (Fig. 8.1). Extra-axial lesions will displace the 
brain away from the skull—often enlarging the subarachnoid 
cisternal spaces at the edges adjacent to the mass (Fig. 8.2). 


Fig. 8.1 Intra-axial tumor (glioblastoma). Coronal T2-weighted image 
shows hyperintense right frontal mass lesion with surrounding peritu- 
moral oedema, mass effect on the ventricle and midline shift 
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Fig. 8.2 Extra-axial mass (meningioma). Axial T2-weighted MR 
shows a right-side gray-matter signal intensity hemispheric-shape mass 
with enlargement of the subarachnoid space at it’s margins. There is 
underlying hyperostosis 


8.4 Pattern Analysis 

Radiology (also pathology and dermatology) are often taught 
using “pattern recognition.” This works well once you have 
accumulated—through experience—a built-in library of 
“patterns” that you may match with an unknown case. 
Another approach is break down of the imaging features, 
analyze them separately, and then synthesize a differential 
diagnosis. Patterns of contrast enhancement may suggest 
more specific diagnoses: gyral gray-matter enhancement 
occurs with reperfusion after ischemia, post-ictal or seizures, 
and meningoencephalitis; ring enhancement implies “central 
necrosis” —but may be seen with an organized abscess as 
well as neoplasms [1]. 


8.5 Neoplastic Vs. Non-neoplastic Disease 

Neoplastic diseases are usually “tumefactive’”—they take 
up space (“positive volume effect”) and displace adjacent 
structures causing secondary damage and herniation. Both 
primary and secondary (metastatic) lesions may have 
added volume from accumulation of interstitial fluid— 
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Fig. 8.3 Dilated perivascular Virchow-Robin spaces in a 36-year-old 
man with intracranial hypertension. (a) Axial T2 image shows a multi- 
loculated hyperintense mass lesion in the mesencephalon responsible of 
hydrocephalus, with hyperintense signal intensity identical to CSF. (b) 
Coronal Tl-weighted and (c) axial post-gadolinium T1-weighted 


brain edema—most often due to abnormal increased per- 
meability from breakdown of the blood-brain barrier 
(BBB): vasogenic edema. When large enough, tumefactive 
dilated perivascular spaces, though non-neoplastic, may 
also have mass effect (Fig. 8.3). In contrast, inflammatory 
demyelination often has minimal or neutral “volume neu- 
tral.” Chronic destructive processes (demyelination, healed 
viral infections, old infarcts) have “negative volume 
effect.” 


Key Point 

e Chronic destructive lesions cause a loss of brain 
volume or “negative volume effect,” with compen- 
satory enlargement of ventricles and sulci. Adding 
cells (blood, pus, neoplasm) usually cause propor- 
tionate “positive volume effect” with compression 
of ventricles and effacement of sulci. 


images reveal no enhancement and also demonstrate that signal inten- 
sity of the lesion follows CSF. This pattern, in this location is typical for 
a cluster of dilated perivascular spaces. If usually asymptomatic, they 
have been reported to be a source of non-communicating hydrocepha- 
lus when located in the midbrain 


Tumefactive demyelinating lesions (TDLs) are a frequent 
differential dilemma. If correctly identified, they should not 
be biopsied. Instead, a trial of immune-modulating therapy 
should be given. Features suggesting a TDL (instead of a 
neoplasm) include: lesion centered in white matter (includ- 
ing corpus callosum); central-vein sign; “garland-like” or 
incomplete rim enhancement (“‘open-ring” or “horseshoe’’); 
less than expected volume effect; rCBV lower than neo- 
plasm; ADC values higher than neoplasm (GBM or lym- 
phoma)Cho/Naa ratio lower than neoplasm; and, non-contrast 
CT showing low attenuation (compared to solid portions of 
GBM and hyper-attenuation of lymphoma [2—4] (Fig. 8.4). 


Key Point 

e Tumefactive demyelination may be distinguished 
from a neoplasm by paucity of mass effect; mini- 
mal/no perilesional edema; “open ring” enhance- 
ment; increased ADC; and low perfusion values. 
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Fig. 8.4 Pseudotumoral multiple sclerosis in a 24-year-old woman 
with left hemiparesis. (a) Non-contrast head CT shows large mass 
lesion in the right frontal lobe. (b) Axial FLAIR demonstrates sur- 
rounding vasogenic oedema and depicts additional periventricular and 
subcortical white matter hyperintensities (arrowheads), fulfilling the 
McDonald’s criteria for dissemination in space. (c) Axial post- 
gadolinium T1-weighted image reveals rim enhancement of the large 
lesion, but not of the small ones. Of note, there is no mass effect on the 


8.6 Single Vs. Many Lesions 

The vast majority of intracranial lesions may present as a 
single/solitary mass: primary neoplasm; hematoma; abscess; 
infarction. Multiple lesions primarily occur as part of a sys- 
temic disease: inflammatory; toxic; metabolic; genetic; or 
hematogenous dissemination (Fig. 8.5). Hematogenous dis- 
semination of infection and metastatic neoplasms can pres- 
ent with solid nodular as well as ring-enhancing lesions. 
Approximately 40-60% of patients with hematogenous 
metastasis will present initially with a single or solitary 


adjacent sulci and ipsilateral ventricle. This feature is suggestive of 
demyelinating lesion and would be unlikely in case of a tumor this size. 
(d) Axial diffusion-weighted image shows peripheral hyperintensity, 
which is commonly observed in acute demyelinating lesion. (e) Long 
TE MR spectroscopy demonstrates typical findings of acute demyelin- 
ating lesion with the presence of the inverted doublet of lactate, together 
with elevated choline and decreased NAA with a ratio Cho/NAA 
between 1 and 2 


metastasis [5]. Inflammatory and autoimmune diseases 
(without infection) typically show multiple lesions: multiple 
sclerosis—MS, Acute Disseminated Encephalomyelitis— 
ADEM (Fig. 8.6). 


Key Point 

e Multiple lesions have many possible causes—some 
neoplastic, others toxic, metabolic, inflammatory, 
or genetic. 
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Fig.8.5 A 69-year-old female patient with multiple myeloma and dip- 
lopia. (a) Axial T2-weighted image, (b) axial unenhanced T1W image, 
(c) coronal TIW image post-contrast, and (d) CT with bone window 
settings. T2 hypointense and T1 gray matter isointense mass centered 
on the right sphenoid is protruding into the right orbit, displacing the 


disseminated 


acute 


Fig. 8.6 Pseudotumoral 
(ADEM) in a 29-year-old woman with rapidly progressive left hemipa- 
resis and confusion. (a) Axial T2-weighted image shows multiple large 
lesions in the deep brain, sparing the corpus callosum, with minimal 
mass effect on the ventricles. (b) Diffusion-weighted image demon- 


encephalomyelitis 


8.7 Metastatic Disease 

Hematogenous dissemination of tumor cells is the most 
common mechanism for brain metastasis; other routes 
include dissemination via the CSF. The brain requires about 
20% of our cardiac output. It is a vast “filtration bed” where 
platelet thrombi, clots, and tumor emboli may lodge. The 
majority of these “particulates” will lodge in two places: in 
the subcortical gray—white matter junction; and, in the pen- 
etrating vessels that supply the deep gray matter [6]. Within 
the brain parenchyma, metastases are remarkably well local- 
ized, round solid or ring enhancing, often with a rim of reac- 
tive gliosis, and surrounded by perilesional vasogenic edema. 
Survival of patients presenting with parenchymal brain 
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right lateral rectus muscle anteriorly. The coronal post-contrast images 
demonstrate enhancement of this mass and additional enhancing lesions 
in the right frontal bone. CT shows bone destruction. The appearance is 
consistent with multiple myeloma deposits 


strates hyperintense rim around each lesion. (c) Axial and (d) coronal 
post-gadolinium T1-weighted images illustrate open-ring enhancement 
of the lesions, a feature suggestive of acute demyelination. ADEM is 
the favored diagnosis because all the lesions appear the same way and 
especially because all of them are enhancing 


metastasis has been short in the past, but the advent of new 
treatments (immunotherapy and stereotactic radiosurgery) 
has led to a much better prognosis. 


Key Point 

e Metastatic lesions are usually peripheral cortical or 
subcortical, round, and well-demarcated with 
enhancement and perilesional vasogenic edema. At 
initial presentation with metastatic disease, 40-60% 
of patients will have a single or solitary (only brain) 
metastatic lesion. 
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8.8 Primary Neoplasms 
8.8.1 Extra-axial Neoplasms 


Extra-axial neoplasms arise from the supporting tissues of 
the meninges (meningioma) and the nerves passing from 
central to peripheral (schwannoma). These are the two most 
common extra-axial and most common non-glial tumors. 
They occur anywhere around the cerebral convexities, along 
the falx and tentorium, and on the skull base. Meningiomas 
arise from the arachnoid and usually have a broad base of 
attachment to the adjacent dura—giving them a hemispheric 
or “globose” shape (Fig. 8.7). A second morphology is the 
“en plaque” meningioma—a thickening growing along the 
inner table of the skull like a flat bread (pita bread). 
Meningiomas usually maintain a homogenous CT high 
attenuation, and MR gray-matter-like signal intensity, and 
enhancement as they grow larger. They are commonly asso- 
ciated with adjacent hyperostosis and an enhancing “dural 
tail” [7]. Intra-axial vasogenic edema occurs in about 50% of 
meningiomas and is only loosely correlated with histology 
[8]. It is more often seen when the tumor does not have a 
clear visible CSF-cleft, has high signal intensity on T2 and a 
pial blood supply (rather than dural-only) (Fig. 8.8) [9]. On 
perfusion imaging, they usually have increased rCBV and 
rCBF—while showing prolonged MTT. 

Schwannomas arise from the peripheral portions of the 
cranial nerves [3—12]—so they are ventral to the brainstem, 


Fig. 8.7 Meningioma. Coronal T1l-weighted MR after gadolinium. 
This globose meningioma shows a sharply-demarcated, hemispheric, 
extra-axial lesion with overlying calvarial thickening (hyperostosis). 
The nearby adjacent dura is slightly thickened with avid enhance- 
ment—the “dural tail.” This represents a reactive process, not neoplas- 
tic infiltration 
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Fig. 8.8 Meningioma. Axial T2-weighted MR shows a bi-frontal soft- 
tissue mass centered on the falx, with non-specific gray-matter signal 
intensity. There is bi-frontal intra-axial vasogenic edema that skirts the 
gray matter of the lenticular nuclei. Meningiomas easily infiltrate 
through the dura (not a sign of malignancy)—while other lesions 
(metastasis) usually do not 


most commonly in the posterior fossa. The most common 
site of origin is the inferior division of the vestibular nerve, 
at the apex of the internal auditory canal (AC)—VS (ves- 
tibular Schwannoma). The tumors will compress the adja- 
cent cochlear nerve—causing high-frequency hearing loss; 
but, vestibular dysfunction may be retained. They grow out 
of the IAC into the cerebellopontine angle (CPA) cistern— 
where they present the bulk of the mass (Fig. ). Like 
meningiomas VS will show avid enhancement. However, 
unlike meningioma, large schwannomas become 
heterogenous from benign cystic/necrotic degeneration. 
There are no imaging signs that reliably predict tumor 
growth, but larger tumors at presentation tend to grow 
faster [11]. 


Key Point 


Meningiomas usually remain homogeneous, even 
when large. Vestibular schwannomas are distinguished 
by location at a nerve (e.g., arising within the internal 
auditory canal); and, they often become heterogeneous 
as they grow and enlarge. Almost all extra-axial and 
non-glial neoplasms show contrast enhancement. 
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Fig. 8.9 Vestibular schwannoma. Axial T1-weighted MR after gado- 
linium shows a heterogeneously enhancing left-sided mass in the cere- 
bellopontine angle cistern with a component inside an enlarged internal 
auditory canal 


8.8.2  Intra-axial Neoplasms 

The overwhelming majority of primary intra-axial neo- 
plasms arise from the glia—or glial cell precursors, and the 
2021 WHO classification of brain tumors is heavily based on 
molecular features, in particular the presence of IDH and 
1p/19q mutations [13]. Glial CNS neoplasms are discussed 
elsewhere in details in the course. 

Here, we would merely like to highlight a few imaging 
features that are important for the differential diagnosis: A 
T2/FLAIR mismatch is a sensitive sign for an IDH mutant 
astrocytoma (but it is present only in about 50% of these 
tumors, so that absence of this sign does not exclude an 
astrocytoma) [14] (Fig. 8.10). Oligodendrogliomas (IDH 
mutant 1p19q deleted) show frequently intratumoral calcifi- 
cation and are commonly located in the frontal lobes with 
involvement of the cortex and subcortical white matter 
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(Fig. 8.11). The classical picture of GBMs is that of an 
irregularly enhancing tumor often with a necrotic center, sur- 
rounding white matter infiltration/edema. However, with the 
increased molecular diagnosis of GBMs (IDH wild-type), it 
has become apparent that GBMs can also present as non- 
enhancing infiltrative tumors. A further entity of note are 
gliomas with H3 K27 mutations, which involve usually mid- 
line structures [15] (Fig. 8.12). 

Lymphoma is another common CNS neoplasm, which is 
important to distinguish from glial neoplasm. The majority 
(80-85%) of primary CNS lymphomas are diffuse large 
B-cell Lymphomas, Epstein-Barr virus negative (EBV-). 
These can be solitary or multiple (30-50%) and are usually 
hypointense to gray matter on T2W imaging, have a low 
ADC, and enhance homogeneously [16] (Fig. 8.13). On MR 
perfusion imaging, lymphomas show typically a mildly ele- 
vated rCBV (much less than, e.g., GBMs) and a marked T1 
leakage effect. EVB + B-cell lymphomas account for 
approximately 10% of lymphomas and are associated with 
immune deficiency (e.g., post-transplant, autoimmune con- 
ditions, HIV), show irregular ring enhancement, have vari- 
able ADC values, and may contain hemorrhagic components. 
Other forms of lymphoma include secondary CNS lym- 
phoma (usually with ependymal and meningeal involve- 
ment), intravascular B-cell lymphoma, dural lymphoma, and 
lymphomatosis cerebri. 

Intraventricular neoplasms include colloid cysts (at the 
foramen of Monro/third ventricle), meningiomas (typically 
in the trigone of the third ventricle), choroid tumors and 
ependymomas (lateral ventricle in children, fourth ventricle 
in adults), central neurocytoma (lateral ventricle, involve- 
ment of the septum pellucidum), and metastases (choroidal/ 
ependymal). Neurocytomas that occur in younger adults 
show frequently restricted diffusion and contain calcifica- 
tions (Fig. 8.14). 

Tumor mimics are important in the differential diagnosis 
and we include here a pictorial panel with detailed descrip- 
tions of such lesions of vascular origin (Figs. 8.15, 8.16, and 
8.17), inflammatory origin (Figs. 8.18 and 8.19), or infec- 
tious origin (Figs. 8.20 and 8.21). 
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Fig. 8.10 Low-grade 
astrocytoma (grade 2) ina 
47-year-old male patient 
present new onset epilepsy. 
(a) Axial T2W, (b) FLAIR, 
(c) T1 post-contrast, and (d) 
rCBV map of DSC perfusion 
imaging. A left temporal and 
insular mass lesions appear 
homogeneously hyperintense 
on T2 w images. The FLAIR 
image shows a hyperintense 
rim with a hypointense center 
(T2/FLAIR mismatch), which 
is typical for an IDH mutant 
astrocytoma. Post-contrast 
T1 W image shows no 
enhancement, and the rCBV 
does not contain any areas of 
increased rCBV 
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Fig. 8.11 Oligodendroglioma in a 57-year-old male patient presenting 
with epilepsy. (a) Axial CT, (b) axial T2-weighted image, (c) FLAIR, 
(d) post-contrast T1-weighted, (e) SWI image, and (£) rCBV map of 
DSC perfusion. A heterogenous T2/FLAIR hyperintense left frontal 
mass involving cortex and subcortical white matter contains punctate 


calcification (a) which causes signal drop out on the SWI sequence (e). 
There is faint enhancement (d) and mildly raised rCBV (f). This is an 
oligodendroglioma. Mild enhancement and mildly elevated rCBV val- 
ues can also be seen in low-grade (WHO grade 2) oligodendrogliomas 
due to the typical intratumoral “chicken wire” vessels 


Fig. 8.12 Biopsy-proven lymphoma in a 64-year-old female patient 


with progressive cognitive decline and headaches. (a) Axial 
T2-weighted, (b) FLAIR, (c) T1 post-contrast, and (d) ADC map dem- 
onstrate a mass lesion in the splenium with surrounding oedema. The 


mass is of intermediate intensity on T2W and FLAIR images (a and b), 
enhances homogenously (c), and has a relatively low ADC. These fea- 
tures in this location suggest a primary CNS lymphoma 
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Fig. 8.13 Glioblastoma in a 59 year-old male patient with cognitive also contain some vascular flow voids. Following IV gadolinium, the 
decline. (a) Axial T2-weighted, (b) FLAIR, (c) T1 post-contrast, and mass enhances heterogeneously with a characteristic necrotic center 
(d) ADC map. There is a mass lesion in the splenium whichis predomi- (c). The ADC map is heterogeneous but contains predominantly areas 
nantly hyperintense on T2 and FLAIR images (a and b). These images of increased ADC values. Biopsy confirmed a glioblastoma 


Fig. 8.14 Central neurocytoma in a 42-year-old man with intracranial the septum pellucidum and extending in the right ventricle. 
hypertension, headaches, and blurry vision. (a) Axial T2-weighted Heterogeneity with areas of spontaneous T1 hyperintensity, low ADC, 
image, (b) axial T1 pre-contrast, (c) ADC map, and (d) SWI image and hypointensity on SWI is suggestive of the diagnosis 

demonstrate an intraventricular heterogeneous mass lesion, involving 
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Fig. 8.15 Subacute stroke in 
a 57-year-old man with 
subacute vertigo and 
headaches since 7 days. (a) 
Axial FLAIR shows abnormal 
heterogeneous cortico- 
subcortical hyperintensity in 
the left cerebellar hemisphere, 
better delineated on (b) axial 
diffusion-weighted Image. (c) 
Axial post-contrast 
T1-weighted image reveals 
peripheral enhancement, 
erroneously suggesting a 
tumor. (d) Coronal 
T2-weighted image 
demonstrates sharp borders of 
this cortico-subcortical lesion, 
not crossing the midline, 
strictly limited to the PICA 
territory, which is in favor of 
an ischemic stroke 
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Fig. 8.16 Giant thrombosed 
aneurysm in a 72-year-old 
woman with cognitive 
impairment and headaches. 
Axial T1-weighted images (a) 
before and (b) after 
gadolinium injection reveal a 
huge non-enhancing mass 
lesion in the left frontal lobe 
with mass effect on the 
ipsilateral ventricle and 
minimal midline shift. 
Spontaneous hyperintensity at 
the periphery of the lesion is 
suggestive of thrombus. (c) 
Axial FLAIR demonstrates 
heterogeneous hypointensity 
of the mass lesion, which is in 
favor of a thrombosed 
aneurysm, as confirmed by 
(d) anteroposterior view of 
left internal carotid artery 
digital subtracted angiogram 
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Fig. 8.17 Giant cavernoma in a 29-year-old man with seizures. (a) 
Axial FLAIR reveals a giant right frontal heterogeneous mass lesion in 
the right frontal lobe, surrounded by vasogenic edema. (b) Axial 
Tl-weighted image demonstrates spontaneous hyperintensity of this 


Fig. 8.18 Behcet’s disease in a 31-year-old man with right hemiparesia 
and confusion. (a) Coronal FLAIR, (b) axial enhanced T 1-weighted image, 
(c) DWI image, and (d) ACD demonstrate a partially enhancing lesion cen- 


Fig. 8.19 Sarcoidosis in a 
42-year-old woman with left 
hemiparesis. (a) Coronal 
post-contrast T1-weighted 
image reveals a dura-based 
mass lesion mimicking a 
meningioma. The lack of 
adjacent bony reaction and of 
typical dural-tail sign is 
suspicious. (b) Coronal T2 
demonstrates mark 
hypointensity, a feature that 
may suggest chronic 
inflammation, as observed in 
systemic diseases, and in 
particular in sarcoidosis 


multilobulated mass, formed by a cluster of multiple dilated “caverns,” 
filled with blood, as confirmed by the marked hypointensity observed 
on (c) axial gradient echo T2* image 


tered on the left basal ganglia extending across the midline and inferiorly 
into the midbrain. There is patchy enhancement and partially restricted dif- 
fusion. This is an inflammatory mass in the context of Behcet’s disease 


F. Bonneville et al. 


Fig. 8.20 Bacterial abscess in a 48-year-old woman with seizures. (a) 
Axial T2-weighted image, (b) Axial post-contrast T1-weighted, (c) 
DWI and (d) ADC map, (e) SWI image with minimal intensity projec- 
tion, and (f) phase images of SWI sequence. There is a ring-enhancing 


Fig. 8.21 Toxoplasmosis abscess in a 32-year-old HIV man. (a) Axial 
T2-weighted image, (b) axial contrast-enhanced T1l-weighted image, 
(c) DWI, and (d) ACD map. There is a ring-enhancing (b) mass in the 
left superior frontal gyrus with surrounding oedema. T2W images dem- 


lesion in the left temporal lobe with surrounding oedema (a and b) 
showing central restricted diffusion (c and d) and a double rim sign on 
SWI images (e and f). These features a typical for a bacterial abscess 


onstrate a “target sign.’ The lesion shows predominantly increased 
water diffusion (c and d). This is a toxoplasmosis abscess, which shows 
typically increased water diffusivity, as opposed to bacterial abscesses 
that show restricted water diffusion 


8 Differential Diagnosis of Intracranial Masses 
8.9 Concluding Remarks 


There are multiple tools for triangulating a short differential 
diagnosis list; and, it is important to use “pattern analysis” 
rather than simple “pattern recognition.” Key features include 
lesion location, relative “volume effect”; secondary vaso- 
genic edema; homogeneity or heterogeneity of the lesion; 
and patterns of contrast enhancement (homogeneous, patchy, 
closed or open ring). Multiple lesions usually represent a 
systemic process: inflammatory, toxic, metabolic, genetic, 
or, hematogenous dissemination. Extra-axial masses are 
non-glial, while intra-axial neoplasms may be metastatic 
from extra-CNS sources, or primary gliomas. 


Take Home Messages 
e Some of the primary gliomas have distinctive fea- 
tures, such as a T2-FLAIR mismatch in IDH mutant 


astrocytomas and calcification in 
oligodendrogliomas. 

e Enhancement is not a reliable indicator for tumor 
grade. 


e Primary CNS lymphomas have a different appear- 
ance in immunocompetent and immuno- 
compromised patients. 

e Extra axial lesions are commonly meningiomas, 
schwannomas, and congenital cysts but metastases, 
inflammatory lesions (e.g., sarcoidosis), and 
myeloma are in the differential diagnosis. 

e Important non-neoplastic tumor mimics include 
tumefactive MS, ADEM, abscesses, and vascular 
lesions. 
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Abstract 


Metabolic diseases are mostly congenital inborn errors 
leading to functional defects in metabolic pathways, 
whereas toxic and metabolic diseases in adults are usually 
acquired. MRI is the cornerstone in the assessment of 
these patients. The final diagnosis is often established in 
combination with laboratory findings and/or genetic anal- 
ysis. Imaging patterns are almost invariably bilateral and 
often symmetric or nearly symmetric. The basal ganglia 
and thalami are often involved in acquired metabolic and 
toxic diseases. This chapter focuses on the most common 
inborn errors of metabolism that can present or persist 
into adulthood, as well as on the most common acquired 
metabolic and toxic disorders, relevant to daily clinical 


practice. 


Keywords 


Toxic encephalopathy - Metabolic disorders - 
Neuroimaging - MRI - Basal ganglia - Thalami - White 
matter 


S. Van Cauter 

Department of Medical Imaging, Ziekenhuis Oost-Limburg Genk, 
Genk, Belgium 

e-mail: Sofie.vancauter @zol.be 

M. Essig (%4) 
Max Rady College of Medicine, Radiology, 

Winnipeg, MB, Canada 

e-mail: messig@exchange.hsc.mb.ca; messig @hsc.mb.ca 


© The Author(s) 2024 


Learning Objectives 


To be familiar with the most common metabolic 
disorders presenting or persisting into adulthood. 
To evaluate the most common toxic encephalopa- 
thies, relevant to daily clinical practice. 

To recognize the typical imaging patterns of these 
disorders on MRI and be able to postulate a differ- 
ential diagnosis. 


Key Points 


MRI is the cornerstone in the assessment of CNS 
manifestations of toxic and metabolic diseases, in 
combination with laboratory and/or genetic testing. 
Imaging patterns are almost invariably bilateral and 
often symmetric or nearly symmetric. In acquired 
metabolic and toxic diseases, the basal ganglia and 
thalami are often involved. 

Adult-onset cerebral ALD accounts for about 5% of 
cases and presents typically with extensive sym- 
metric white matter lesions displaying contrast 
enhancement in the regions of active 
demyelination. 

Metachromatic leukodystrophy is the most com- 
mon hereditary leukodystrophy. Krabbe disease is a 
differential diagnosis. 

MELAS should be considered when stroke is 
encountered in adolescents, especially when there 
are multiple infarcts in different stages. 

Alexander disease presents with abnormalities in 
the lower brainstem. 

Wernicke encephalopathy typically presents with 
abnormalities around the midline organs in the 
diencephalon or mesencephalon. 
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e Subacute combined degeneration is the only toxic- 
metabolic disease presenting with abnormalities in 
the medulla. 

e Hypoglycemic encephalopathy presents with cyto- 
toxic edema in the gray matter structures with typi- 
cal sparing of the thalami. 


9.1 Introduction 

Metabolic diseases in children are mostly congenital inborn 
errors leading to functional defects in metabolic pathways, 
whereas toxic and metabolic diseases in adults are usually 
acquired. 

Congenital metabolic disorders in children are a vast and 
highly specialized field, and the detailed knowledge of these 
belongs to the remit of tertiary referral centers. 

This chapter focuses on the most common inborn errors 
of metabolism that can present or persist into adulthood, as 
well as on the most common acquired metabolic and toxic 
disorders, relevant to daily clinical practice [1]. 

The clinical presentation of these patients is often non- 
specific. Neuroimaging is the cornerstone in the workup of 
patients suspected of being affected by a toxic or metabolic 
disorder. The final diagnosis is most often reached in combi- 
nation with laboratory analysis and genetic testing in case of 
congenital disorders. 

Magnetic resonance imaging (MRI) is the preferential 
imaging modality to assess toxic and metabolic disorders in 
the brain due to its superior contrast resolution. Nonetheless, 
computer tomography (CT) has an added value in the detec- 
tion of intracranial calcifications. Susceptibility-weighted 
imaging (SWI) is a valid alternative for detecting intracranial 
calcifications, especially when using phase information. 
Nonetheless, the accuracy is lower compared to CT. 

The topographic distribution of brain pathology in toxic 
and metabolic disorders is a reflection of the metabolic path- 
ways involved and the metabolic activity, often depending on 
age. Imaging patterns are almost invariable bilateral, often 
symmetrical or near-symmetrical. The basal ganglia and 
thalami are especially susceptible to injury due to their 
extensive energetic requirements related to the involvement 
in a myriad of processes related to the pyramidal and extra- 
pyramidal systems. 
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9.2 | Most Common Congenital Metabolic 
Disorders Presenting or Persisting 
into Adulthood 

9.2.1 X-Linked Adrenoleukodystrophy (ALD) 


X-linked adrenoleukodystrophy is a disorder of peroxisomal 
fatty acid beta-oxidation leading to the accumulation of 
long-chain fatty acids, which can manifest itself in childhood 
(typically around 7 years of age) or in adult life. Adult-onset 
cerebral ALD accounts for about 5% of cases and usually 
presents with psychiatric symptoms, followed by dementia, 
ataxia, and seizures. As an X-linked disorder, ALD is more 
frequent in males. However, around 15-20% of heterozygote 
female carriers become symptomatic. 

The typical MRI appearance is T2- and FLAIR- 
hyperintense white matter abnormalities starting in the 
parieto-occipital regions with early involvement of the sple- 
nium of the corpus callosum and corticospinal tracts. These 
signal abnormalities correspond to areas of demyelination. 
Active demyelination at the edge of the lesions is associated 
with contrast enhancement and restricted diffusion on 
diffusion-weighted imaging (DWI) (Fig. 9.1) [2]. 

Adrenomyeloneuropathy (AMN) is an adult phenotype 
with onset in the second decade to middle age, presenting 
with slowly progressive spastic paraparesis, bladder and 
bowel dysfunction, sexual dysfunction, and peripheral neu- 
ropathy, related to predominant involvement of the spinal 
cord. Typical imaging appearances include increased T2/ 
FLAIR signal in the posterior limbs of the internal capsules, 
brainstem, and cerebellar white matter which may be fol- 
lowed by spinal cord atrophy. 


9.2.2 Globoid Cell Leukodystrophy (Krabbe 
Disease) 


Globoid cell leukodystrophy (GLD) has been linked to a 
mutation in the GALC gene on chromosome 14, leading to a 
deficiency of galactosylceramide f-galactosidase that causes 
accumulation of sphingolipids in the lysosomes. Late adoles- 
cent and adult forms (10%) present with slowly progressive 
gait abnormalities or spastic paresis. Other features include 
cognitive decline, seizures, and cortical blindness. 

MRI shows predominantly posterior T2/FLAIR- 
hyperintense white matter changes with sparing of the 
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Transverse T2-weighted image 


Transverse T2-weighted image 


Transverse T2-weighted image 


T1-weighted black blood image after 
gadolinium administration 


Fig. 9.1 A 16-year-old boy presented with progressive gait difficulties 
and behavioral disturbances. MRI shows extensive white matter lesions 
centered around the splenium of the corpus callosum, extending in the 
biparietal white matter. Similar but less pronounced abnormalities can 
be seen in the frontal lobes centered around the genu of the corpus cal- 
losum. Furthermore, there is hyperintensity on T2-weighted sequences 
along the corticospinal tracts. There is associated contrast enhancement 


U-fibers and involvement of the splenium of the corpus cal- 
losum, extending along the corticospinal tracts into the pos- 
terior limbs of the internal capsules and the pyramidal tracts. 
In some cases, there is a bilateral hyperdense signal on CT, 
corresponding to Tl-hyperintense and T2-hypointense sig- 
nal in the thalami. The affected areas do not show contrast 
enhancement. 

Other lysosomal storage diseases, such as gangliosidoses 
and neuronal ceroid lipofuscinosis may also show the typical 


T1-weighted black blood image after 
gadolinium administration 


in the areas of active demyelination. The diagnosis of X-linked adreno- 
leukodystrophy was confirmed on genetic testing. (a) Transverse 
T2-weighted image. (b) Transverse T2-weighted image. (c) Transverse 
T2-weighted image. (d) T1-weighted black blood image after gadolin- 
ium administration. (e) T1-weighted black blood image after gadolin- 
ium administration 


thalamic signal alterations. Metachromatic leukodystrophy 
is a differential diagnosis. 


9.2.3 Metachromatic Leukodystrophy (MLD) 


Several variants of metachromatic leukodystrophy have been 
described, all of which have deficient activity of arylsulfa- 
tase A, which results in defective degradation of sulfatides in 
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the lysosomes and impaired myelination or dysmyelination. 
It is the most common hereditary leukodystrophy. 

Approximately 20% of MLD patients have disease onset 
in adulthood, often with psychiatric symptoms, followed by 
spastic paraparesis, cerebellar ataxia, and cognitive decline. 

MRI demonstrates symmetrical areas of confluent 
T2-hyperintense signal in the periventricular white matter 
with sparing of the subcortical U-fibers. Early involvement 
of the peritrigonal or periatrial white matter, corpus callo- 
sum, and cerebellar white matter is common, showing typi- 
cally a “tigroid” pattern of radiating stripes. The white matter 
around the frontal horns is often affected to a lesser degree. 
As opposed to ALD, there is no contrast enhancement of the 
lesion edge. The lesions show restricted diffusion. 
Occasionally, multiple cranial nerve enhancement can be 
observed. 

The main differential diagnosis is Krabbe disease, as the 
tigroid pattern has also been described in this disorder. 


9.2.4 Mitochondrial Encephalomyopathy 
with Lactic Acidosis and Stroke-like 
Episodes (MELAS) 


Mitochondrial encephalomyopathy with lactic acidosis and 
stroke-like episodes (MELAS) is a typical example of a 
mitochondrial disorder, with the involvement of multiple 
organs and often predominant manifestations in the central 
nervous system. About 40% of patients present in late child- 
hood or early adulthood. 

Clinical features are muscle weakness, extreme tiredness, 
and gastrointestinal symptoms such as vomiting and abdom- 
inal pain. Other features include seizures, hearing loss, and 
neuropsychiatric dysfunction. 

MRI demonstrates a combination of infarcts in different 
stages, not confined to the major vascular territories. There is 
a predilection for the parieto-occipital regions and the corti- 
cal and deep gray matter. Vascular imaging is normal. The 
signal intensity of the lesions on T2/FLAIR-weighted 
sequences, diffusion-weighted imaging, and T1l-weighted 
sequences with and without contrast depends on the time of 
onset. 


9.2.5 Fabry Disease (Galactocerebrosidase 
Deficiency) 


Fabry disease is a lysosomal storage disease related to a defi- 
ciency of a-galactosidase. It is an X-linked inherited disorder 
with varied clinical presentations and an estimated preva- 
lence of 1 in 50,000. The deposition of globotriaosylce- 
ramide-3 in the endothelium and smooth muscles leads to the 
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involvement of multiple organ systems, including the blood 
vessels, heart, and kidneys. 

Macro- and microvascular complications are the leading 
CNS manifestations, with the first cerebrovascular event 
usually occurring around 40 years of age. 

CT and MRI features are those of macrovascular disease 
(acute or chronic infarcts and parenchymal hemorrhage) and 
signs of microvascular disease (hyperintense foci in the peri- 
ventricular and subcortical white matter and cerebral 
microhemorrhages). 

Characteristic MRI features of Fabry disease are the uni- 
or bilateral T1 hyperintense signal in the pulvinar of the 
thalamus (the “pulvinar sign”) and ectasia of the basilar 
artery on MR angiography, which has been found to be one 
of the best indicators of the presence of the disease in adults. 
Nonetheless, the incidence of the “pulvinar sign” is low, 
around 3%. 

The main differential diagnosis is with the other lyso- 
somal storage diseases. 


9.2.6 Alexander Disease 


Defects in the glial fibrillary acidic protein gene have been 
identified as the underlying cause of Alexander disease. 
Approximately 25% of patients present in adulthood, most 
commonly with bulbar dysfunction, pyramidal involvement, 
cerebellar ataxia, and sleep abnormalities. 

In adult-onset disease, MRI findings consist of atrophy 
and abnormal T2-hyperintense signal within the medulla 
oblongata and upper cervical cord, which has been termed a 
“tadpole” appearance. The upper brainstem is almost never 
involved. Sometimes, there are periventricular white matter 
changes. 


9.2.7 Primary Familial Brain Calcification 
(PFBC) 


Primary familial brain calcification, formerly known as idio- 
pathic basal ganglia calcification, bilateral strioapallidoden- 
tate or Fahr disease is a group of genetic disorders with 
currently 4 known mutations that are inherited in an autoso- 
mal dominant pattern. Symptomatic patients present in the 
late 40 s with a mostly Parkinsonian movement disorder, fol- 
lowed by cognitive decline, cerebellar features, and speech 
disorders. 

Symmetrical calcification involving the lentiform nuclei, 
caudate nuclei, thalami (especially the posterolateral part), 
and dentate nuclei is mostly readily detected by CT. The 
cerebral and cerebellar cortex and the brainstem can be 
affected to a lesser degree. On MRI, the structures involved 
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may show high signal on T1-weighted spin echo sequences 
and signal loss on susceptibility-weighted imaging. In some 
cases, there are additional confluent white matter lesions. 

The differential diagnosis encompasses causes of second- 
ary calcifications, primarily hypoparathyroidism. 


9.3 Acquired Metabolic/Toxic Disorders 


9.3.1 Wernicke Encephalopathy (WE) 

Wernicke encephalopathy (WE) is caused by a deficiency of 
vitamin B1 (thiamine), which may be due to alcohol abuse, 
malabsorption, poor nutrition, increased metabolism, or iat- 
rogenic elimination (hemodialysis). Thiamine depletion 
leads to failure of conversion of pyruvate to acetyl-CoA and 
a-ketoglutarate to succinate and the lack of Krebs cycle 
resulting in cerebral lactic acidosis with intra- and extracel- 
lular edema, swelling of astrocytes, oligodendrocytes, 
myelin fibers, and neuronal dendrites. 

The classic clinical triad of ocular dysfunctions (nystag- 
mus, conjugate gaze palsy, ophthalmoplegia), ataxia, and 
confusion is observed only in 30% of cases. Treatment con- 
sists of thiamine infusion, which can prevent progression to 
Korsakoff’s dementia or death. 

MRI shows T2/FLAIR hyperintensities in the periaque- 
ductal and medial thalamic regions, mammillary bodies, 
hypothalamus, tectum, and cerebellum. The supratentorial 
lesions are most often symmetric. Contrast enhancement 
occurs most often in the mammillary bodies (80% of cases), 
often prior to T2 hyperintensities, or in the periaqueductal 
regions (50% of cases). The diffusivity of the lesions may 
vary. 

Imaging abnormalities may regress with treatment. 
However, the prognosis is usually poor once there is cortical 
involvement or T1-hyperintense signal in the thalami and 
mammillary bodies indicating hemorrhage. 

Chronic cases show atrophy of the mammillary bodies. 


9.3.2 Subacute Combined Degeneration 
(SCD) 


Subacute combined degeneration is a disorder of the spinal 
cord secondary to vitamin B12 deficiency, characterized by 
potentially reversible demyelination of the posterior and lat- 
eral columns. Clinical presentations are spastic paraparesis 
and spinal ataxia. 

MRI demonstrates longitudinal, extensive T2 hyperin- 
tense signal in the posterior and lateral columns of the cervi- 
cal spinal cord and to a lesser extent of the dorsal spinal cord. 
On transverse T2-weighted images, the pathological 
T2-hyperintense signal in the posterior spinal cord is called 
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the “inverted V-sign.” Findings may regress after adequate 
B12 administration. Chronic non- or undertreated cases 
show spinal cord atrophy. Brain abnormalities in patients 
with SCD are rare. There are a few case reports of leukoen- 
cephalopathy with T2-hyperintense signal in the centrum 
semiovale and enhancement of the optic nerves. 


9.3.3 Osmotic Demyelination Syndrome 
(ODS) 


Osmotic demyelination syndrome includes central pontine 
myelinolysis (CPM) and extrapontine myelinolysis (EPM) 
and occurs in patients with hyponatremia that has been cor- 
rected too quickly. 

The traditionally proposed pathophysiological mecha- 
nism is a disruption of the blood-brain barrier resulting in 
vasogenic edema, white matter compression, and myelinoly- 
sis. Additional implicated mechanisms are cerebral dehydra- 
tion, intramyelinic edema, and oligodendrocyte degeneration. 
The most common damage is in the central pontine fibers. 
Extrapontine demyelination which may affect the basal gan- 
glia, thalami, lateral geniculate nucleus, cerebellum, or cere- 
bral cortex occurs in combination with CPM or in isolation 
in approximately 10% of cases. 

Clinical symptoms of CPM include paralysis, dysphagia, 
dysarthria, and pseudobulbar palsy. 

The typical feature of central pontine myelinolysis is T2/ 
FLAIR-hyperintense signal in the central pons showing a 
symmetric “trident” or “bat-wing”’-pattern, due to sparing of 
the peripheral fibers and the axons of the corticospinal tracts. 

In the acute phase, there is restricted diffusion. This may 
occur within 24 h of symptom onset and precede the signal 
abnormalities on T2 or FLAIR-weighted sequences. The 
ADC values usually return to baseline within 3—4 weeks. 
CPM can appear moderately hypointense on T1-weighted 
sequences and rarely shows contrast enhancement [3]. 

If the patient survives the acute phase, the pontine lesions 
can cavitate and appear markedly hypointense on 
T1-weighted images. 


9.3.4 Hepatic Encephalopathy 


The term hepatic encephalopathy includes a spectrum of 
neuropsychiatric abnormalities in patients with liver dys- 
function. Most cases are associated with cirrhosis and portal 
hypertension or portal-systemic shunts, but the condition can 
also occur in acute liver failure [4]. 

Classical MR abnormalities in chronic hepatic encepha- 
lopathy include high signal intensity in the globus pallidus 
on T1-weighted images, and less frequently, in the substantia 
nigra and the tegmentum of the midbrain, without corre- 
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Fig.9.2 A 69-year-old 
patient with chronic alcohol 
abuse and liver cirrhosis 
presented with a reduced level 
of consciousness and delirium 
MRI imaging findings present 
typical intrinsic T1 
hyperintense changes in the 
basal ganglia, compatible 
with hepatic encephalopathy. 
No major atrophic changes 
are noticed on the FLAIR- 
weighted images. (a) 
Transverse T1-weighted 
image. (b) Sagittal 
T1-weighted image. (c) 
Transverse FLAIR-weighted 
image. (d) Transverse 
FLAIR-weighted image 


Transverse FLAIR-weighted image 


sponding abnormalities on CT or T2-weighted imaging 
(Fig. 9.2). The accumulation of manganese is considered the 
cause of the signal alterations. Diffuse T2-hyperintense sig- 
nal of the white may accompany the signal changes in the 
basal ganglia. 

The signal alterations improve or disappear completely 
after restoration of the liver function. 

On the contrary, in acute hepatic encephalopathy, there is 
a bilateral symmetric T2-hyperintense signal and swelling of 
the cortical gray matter, associated with restricted diffusion. 
Most commonly, the insula, thalami, the posterior limb of 
the internal capsule, and the cingulate gyrus are affected. In 
more severe cases, there may be additional involvement of 
the subcortical white matter, the remaining cortex, and the 
midbrain. These imaging abnormalities are thought to reflect 
cytotoxic edema secondary to acute hyperammonemia and 
are reversible with adequate therapy. 
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Sagittal T1-weighted image 


Transverse FLAIR-weighted image 


9.3.5 Hypoglycemic Encephalopathy 


An acute decrease in serum glucose levels arises from an 
excess of exogenous or endogenous insulin or hypoglycemia- 
inducing drugs. This causes a decline in the function of the 
cell membrane ATPase pump and consequently a release of 
excitatory neurotransmitters such as aspartate. Patients pres- 
ent with coma. 

CT can demonstrate enhancing hypodensities in the basal 
ganglia, cerebral cortex, hippocampus, and substantia nigra. 

MRI is more sensitive and shows a T2-hyperintense sig- 
nal as well as restricted diffusion in the posterior limb of the 
internal capsule, hippocampi, the basal ganglia, cortical 
areas, and splenium of the corpus callosum. These changes 
are likely to reflect cytotoxic edema, and extensive changes 
on DWI in the basal ganglia and deep white matter are asso- 
ciated with poor clinical outcomes. 


9 Toxic and Metabolic Disorders 


The thalami are typically spared, and this allows a differ- 
ential diagnosis with hypoxic ischemic encephalopathy 
where the thalami are most often involved. 


9.3.6 Hyperglycemic Encephalopathy 


Hyperglycemia occurs in uncontrolled diabetes mellitus and 
can lead to osmotic derangements in the basal ganglia and 
subthalamic region. The clinical presentation is fairly typical 
with hemichorea and hemiballismus, and the pathological 
process is hence described as non-ketotic hyperglycemia 
with hemichorea-hemiballismus. 

Imaging findings on CT consist of a hyperdense signal in 
the putamen and caudate nucleus, typically contralateral to 
the side of the patient’s symptoms. On MRI, there is a 
T1-hyperintense signal. The findings are almost invariably 
unilateral or with a striking asymmetry in rare bilateral cases. 

After correction of blood glucose, the imaging abnormali- 
ties usually regress. 


9.3.7 Hypoxic Ischemic Encephalopathy (HIE) 


The pattern of brain injury in HIE depends on the level of 
brain maturation at the time of onset of the acute event and 
the severity and duration of the insult. HIE in adults results 
in symmetric involvement of the basal ganglia, thalami, and 
cortex and may be mild, moderate, or severe. The optimal 
time frame to image is 3-5 days after onset. 

The affected areas show restricted diffusion on DWI. In 
the hyperacute events, reduced values on the ADC maps may 
be more pronounced than the hyperintensity on the b1000 
maps. Afterwards, there is a corresponding hyperintense sig- 
nal on T2- and FLAIR-weighted sequences and hypodense 
signal on CT, often accompanied by swelling of the injured 
gray matter structures. After 5 days, pseudonormalization of 
diffusivity occurs on the ADC maps. 

The clinical context of HIE is mostly clear. However, in 
the unconscious patient of unknown etiology, a combined 
pathophysiology with a toxic cause or a differential diagno- 
sis may be considered. 


9.3.8 Drug-induced Encephalopathy 


Drug-induced changes to the brain result from acute intoxi- 
cation or following long-term use of a number of drugs. 
Drug-induced encephalopathy is a disease entity that results 
from acute or chronic impaired cerebral metabolism, not 
causing focal but more diffuse structural brain lesions. 


135 


The imaging findings are very heterogeneous as are the 
drugs that can cause those changes. There is often a mix of 
acute and chronic changes present, including acute ischemic 
changes and others. Some drug-induced changes can result 
in not only diffuse but also focal structural lesions. 

The list of drugs that can cause drug-induced encephalo- 
pathic changes is long and includes analgesics, antibiotics, 
neuromodulating medications, and chemotherapeutics. 

More typical imaging changes reflect vasogenic and cyto- 
toxic brain edema, posterior reversible leukoencephalopathy 
syndrome (PRES), leukoencephalopathy, and others. 


9.4 Concluding Remarks 

Toxic and metabolic diseases encompass a wide range of 
pathologies, often characterized by a specific pattern of find- 
ings. MRI is an important facet of the assessment, in combi- 
nation with laboratory and/or genetic testing. Findings are 
almost invariably bilateral and often symmetric or nearly 
symmetric. In acquired metabolic and toxic diseases, the 
basal ganglia and thalami are often involved. 

Most entities discussed in this chapter present a fairly 
specific imaging pattern. However, in congenital metabolic 
disorders presenting or persisting into adulthood, there may 
be overlap between entities and a differential diagnosis may 
be necessary in attendance of the results of genetic testing. In 
acquired metabolic-toxic disorders, clinical information and 
laboratory testing are warranted to aid in the final diagnosis. 


Take-Home Messages 

e Symmetric or nearly symmetric white matter 
lesions and/or pathologic changes in the basal gan- 
glia and thalami are suspected of toxic-metabolic 
encephalopathy. 

e The most common congenital leukodystrophies 
presenting or persisting into adulthood present with 
extensive lesions in the parieto-occipital white mat- 
ter and involvement of the corticospinal tracts. 

e Acquired metabolic-toxic disorders present with 
specific involvement of the basal ganglia and thal- 
ami, except for subacute combined degeneration, 
which is a disorder presenting with demyelination 
in the medulla. 

e The pattern of brain injury in hypoxic ischemic 
encephalopathy depends on the severity and the 
duration of the event. Findings may be subtle. 
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Abstract 


Neuroimaging plays an ever-increasing role in the workup 
of patients presenting with seizures, epilepsy, and, in par- 
ticular in patients with medically refractory epilepsy. 
Abnormalities that may be amenable to surgery can be 
present in the latter group in up to 80% and thus the radi- 
ologist plays an important role in the interdisciplinary 
management of this patient population. In the current arti- 
cle, we are describing imaging protocols as well as typical 
pathologies and their imaging correlated to raise aware- 
ness of the spectrum of disorders typically encountered. 
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Learning Objective 

e To understand the role of the radiologist in the diag- 
nosis and management of patients with epilepsy. 

e To describe the importance of a specific MR proto- 
col in epilepsy patients, particularly if they are 
refractory to antiepileptic drugs. 

e To describe typical pathologies and their imaging 
correlated to raise awareness of the spectrum of dis- 
orders typically encountered in epilepsy patients. 
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It is estimated that up to 8-10% of the general population 
will experience a seizure during their lifetime [1]. Seizures 
may be defined as acute symptomatic or unprovoked. While 
acute symptomatic seizures occur at the time or near to a 
systematic insult, such cerebrovascular or traumatic brain 
injury, drug withdrawal, fever, sleep deprivation or metabolic 
insults, unprovoked seizures occurs without a precipitation 
factor [2]. Seizures can be focal or generalized [3]. Often, the 
initial imaging modality to study a patient with the first-ever 
seizures is an unenhanced CT head scan to exclude acute 
medical emergencies that can put the patient’s life at risk, 
prior to a more extensive workup depending on clinical his- 
tory and presentation. Potential epileptogenic lesions have 
been detected in about 30% of patients with first-ever sei- 
zures, being stroke, post-traumatic and neoplastic lesions the 
most common finding. Patients with epileptogenic lesions 
have a higher risk or seizure recurrence and therefore to 
develop epilepsy [4]. 

Approximately five millions of the general population 
will be diagnosed with epilepsy each year [5]. Epilepsy is 
defined by ILAE (International League Against Epilepsy) as 
at least two unprovoked (or reflex) seizures occurring >24 h 
apart [6], and there are several epilepsy types: focal epilepsy, 
generalized epilepsy, combined generalized and focal epi- 
lepsy, and also an unknown epilepsy group. The etiology of 
epilepsy can be classified in structural, genetic, infectious, 
metabolic, immune, and unknown [3]. Patients with focal 
epilepsy are more susceptible to have an epileptogenic lesion 
that irritates the brain and are more commonly present in 
structural etiology. This epileptogenic lesion can be identi- 
fied on structural neuroimaging. Structural etiologies may be 
acquired such as stroke, trauma, and infection, or genetic 
such as many malformations of cortical development. 

The vast majority of patients diagnosed with epilepsy can 
be treated satisfactorily with antiepileptic drugs. However, 
0.4% of the general population will have recurrent and 
unprovoked seizures that do not respond to medication. 
These patients, defined as drug-resistant epilepsy patients are 


137 


J. Hodler et al. (eds.), Diseases of the Brain, Head and Neck, Spine 2024-2027, IDKD Springer Series, 


https://doi.org/10.1007/978-3-03 1-50675-8_10 


138 


potentially treatable with surgery, and surgical intervention 
is an appropriate consideration for 3% of people who develop 
epilepsy [6]. 


10.1 Image Indication and Epilepsy 


Dedicated MR Protocol 


Indication for image evaluation in patients with epilepsy can 
be divide in four clinical scenarios: (1) evaluation of first- 
ever seizure when CT head usually is the first image modal- 
ity; (2) status epilepticus, that should be evaluated by CT 
head in the emergency department including CT perfusion if 
it is available. MR exam should be indicated if the etiology 
remains unknown or the status is not controlled. (3) in epi- 
lepsy patients, ILAE stablish that all epilepsy patient need to 
have a neuroimage study, however it is strongly recom- 
mended to perform an MRI exam in these situations: Onset 
of partial seizures at any age, onset of generalized or unclas- 
sified seizures in the first year of life or in adulthood, evi- 
dence of a fixed deficit on neurological or neuropsychological 
examination, difficulty obtaining seizure control with first- 
line antiepileptic drugs (AED) and loss of seizure control, or 
change in the pattern of seizure [7]. (4) Finally, the last clini- 
cal scenario is when the epilepsy patients are AED resistant. 
In this case, the patients should be evaluated as possible can- 
didates for surgical treatment. 

In this chapter, we will focus on neuroimaging in this epi- 
lepsy patient population, as structural imaging will find a 
large proportion of abnormalities reaching up to 85% of 
patients. Lesions that are typically involved in medication 
refractory epilepsy are: mesial temporal lobe sclerosis (MTS) 
(primary or secondary to a long-standing seizure disorder), 
malformations of cortical development, certain epilepto- 
genic tumors (e.g., dysembryoplastic neuroepithelial tumors 
(DNET), low grade temporal lobe glioma, or ganglioglioma), 
temporal lobe encephaloceles, vascular malformations, 
trauma, remote infection, and certain phakomatoses. Imaging 
findings in some of these conditions will be subtle which 
necessitates both a dedicated imaging protocol (as compared 
to a standard MR) and an “expert” experience in reading 
these types of scans. In a landmark study of von Oertzen 
et al. [8], the sensitivity of “non-expert” reports of standard 
MRI reports for focal lesions was 39%, while sensitivity of 
“expert” reports of standard MRI increased to 50%. “Expert” 
reports of epilepsy dedicated MRI further increased the sen- 
sitivity in detecting subtle lesions to 91%. Dedicated MRI 
showed focal lesions in 85% of patients with “non-lesional” 
standard MRI. Neuropathological diagnoses were predicted 
correctly in 22% of “non-expert” standard MRI reports but 
by 89% of dedicated MRI reports. Thus, the combination of 
dedicated MRI protocols and specialized radiologists trained 
in evaluating patients with medication refractory seizures 
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increases significantly the sensitivity of MRI in this sub- 
group of patients. A multidisciplinary approach that involves 
close communication between epilepsy neurologist, neurora- 
diology, EEG, nuclear medicine, neuropsychology, and neu- 
rosurgery is an important feature of modern management of 
the patient with seizures. 

The necessity of expert MR reading with a dedicated 
imaging protocol is further highlighted by the fact that post- 
surgical seizure freedom is achieved significantly more often 
when a circumscribed, respectable epileptogenic lesion can 
be identified on MRI preoperatively compared to patients 
that are rated non-lesional [9]. As pointed out by Wellmer 
et al. in 2013 [10], the possible reasons for undetected epi- 
leptic lesions in standard outpatient MRI are insufficient 
clinical information from the referring clinician, routine MR 
protocols not optimized for the spectrum of epileptogenic 
lesions, and unfamiliarity with the spectrum of epileptogenic 
lesions. Wellmer pointed out that “because even the best 
focus hypothesis and most profound knowledge of epilepto- 
genic lesions do not permit the detection of lesions when 
they are invisible on the MRI scan, the starting point for any 
improvement of outpatient MRI diagnostics should be defin- 
ing an MRI protocol that is adjusted to common epilepto- 
genic lesions.” 

Several recommendations for dedicated MR protocols in 
drug-resistant epilepsy patients have been published else- 
where, however, practices for the use of MRI are variable 
worldwide and may not harness the full potential of the MR 
to detect subtle epileptogenic lesions. In a recent consensus 
report from the International League Against Epilepsy 
Neuroimaging Task Force, Bernasconi et al. identified a set 
of sequences, with three-dimensional acquisitions at its core, 
the harmonized neuroimaging of epilepsy structural 
sequences—HARNESS-MRI protocol. As these sequences 
are available on most MR scanners, the HARNESS-MRI 
protocol is generalizable, regardless of the clinical setting 
and country [11]. Basically, the HARNESS-MRI protocol 
consists in these 3 core sequences: high resolution 3D 
Tl-weighted MRI MPRAGE, with isotropic millimetric 
voxel resolution (voxel size, 1 x 1 x 1 mm), high resolution 
3D FLAIR (named CUBE, VISTA or SPACE, depending on 
the MR vendor) with isotropic millimetric voxel resolution 
(voxel size, 1 x 1 x 1 mm), and high in plane resolution 2D 
coronal T2-weighted image acquired perpendicular to the 
long axis of the hippocampus (Fig. 10.1). 

Wellmer et al. [10] reported the prevalence of epilepto- 
genic lesions among 2740 patients and the following pathol- 
ogies were found: mesial temporal lobe sclerosis (32%), 
tumors (including low and high grade tumors as well as mal- 
formative tumors and benign epilepsy associated tumors) in 
approximately 17% of patients, cortical dysplasias in 11%, 
glial scars (including post-traumatic, post-ischemic, post- 
hemorrhagic, postinfectious/abscess, ulegyria, and postsur- 
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Fig. 10.1 MRI epilepsy protocol using hardness sequences: (a) T2 
coronal perpendicular to log axis of the hippocampus with 2-3 mm of 
slices thickening, (b) 3DFLAIR acquired in sagittal (1 mm slice thick- 


gical scars) in 11%, vascular diseases (cavernoma AVM, pial 
angiomatosis) in 5%, malformations of cortical development 
including nodular heterotopia, subcortical band heterotopia, 
polymicrogyria, lissencephaly, pachygyria, agenesis of 
corpus callosum, craniocephalic malformations, hemiatro- 
phy, lobar dysgenesis, hemimegaloencephaly or hamartomas 
in 3%, and sequelae of encephalitis in 1% while in approxi- 
mately 20% no lesion could be detected. 

Lesion location—presumably related to the different epi- 
leptogenic potential in different brain regions—demonstrates 
preponderance for the temporal lobes (60%) followed by the 
frontal lobe (20%), the parietal lobe (10%) the periventricu- 
lar white matter (5%) and the occipital lobe (5%). 

In our own series [12]—being a tertiary epilepsy center, we 
recently reviewed 738 patients evaluated over a 13-year 
period in dedicated multidisciplinary epilepsy rounds and 
found mesiotemporal sclerosis in 132 (18%) of patients with 
20 bilateral cases; concomitant mesiotemporal sclerosis with 
dual pathology in 64 (9%); encephalomalacia and gliosisin 
79 (10%); focal cortical dysplasia in 47(6%); isolated 
enlargement of the amygdala in 40 (5%); tumors in 35 (5%) 
(including 18 DNET, 11 low-grade gliomas, 3 gangliogli- 
oma, 2 pleomorphic xanthoastrocytomas, 1 choroid plexus 
papilloma within the choroid fissure); cavernomas is 22 
(3%), polymicrogyria in 14 (2%); and periventricular nodu- 
lar heterotopic gray matter in 13 (2%). Rarer pathologies 
included subcortical nodular heterotopic gray matter, band 
heterotopia, ulegyria, perinatal hypoxic gliosis; temporal 
lobe encephaloceles, cortical siderosis, tuberous sclerosis; 
Rasmussen’s encephalitis; neurocysticercosis, and closed-lip 


ening) and posterior coronal and axial reconstruction, and (c) 
3DMPRAGE T1 acquired in coronal (1 mm slice thickening). Other 
optional sequences: (d) T2 axial and (e) SWI 


schizencephaly. Exceedingly rare pathologies were pachy- 
gyria, hypothalamic hamartoma, Dandy-Walker variant, 
Dyke-Davidoff-Masson, diffuse axonal injury with cortical 
hemorrhage, hemimegalencephaly, limbic encephalitis, neu- 
rofibromatosis type I, and meningioangiomatosis. 

The sensibility of the MR to detect abnormalities in tem- 
poral lobe epilepsy is about 90-97% [13]; however, this sen- 
sitivity drops in neocortical or extratemporal epilepsy, due to 
subtle epileptogenic abnormalities such as focal cortical dys- 
plasia. In these cases, when the MR exam is negative, (no 
epileptogenic lesion detected), the use of quantitative imag- 
ing, or post-processing analysis such as voxel-based or 
surface-based machine-learning algorithm can increase the 
detection of subtle focal cortical dysplasia [14] Fig. 

In the future, the use of even higher field strengths (7 T) 
in clinical practice may increase the detection rate of epilep- 
togenic substrates [15]. 

In presurgical evaluation, functional MRI (fMRI) can 
map eloquent cortex and provide information regarding lan- 
guage lateralization [16] Fig. , and the use of diffusion 
tensor imaging (DTI) and tractography may help to avoid 
injury to the optic radiation during temporal lobe resection 
[17]. 

Radionuclide imaging can add useful information in 
selected cases. Subtraction of ictal and interictal SPECT co- 
registered to MRI (SISCOM) can show a seizure—induced 
hyperperfusion (Fig. ), whereas '*"FDG-PET and PET 
co-registered to MR may show hypometabolism in the sei- 
zure onset zone. This is particularly useful in lateralization of 
temporal lobe epilepsy in the MR negative patient [18]. 
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Fig. 10.2 Surface-based machine-learning algorithm (MELD-project) showing an abnormal cortical area in the left superior frontal gyrus in a 


patient with neocortical epilepsy and previous MR negative. 


Fig. 10.3 Epilepsy patient with temporal lobe epilepsy and aphasia 
during the seizures. (a) Coronal FLAIR shows right temporal mesial 
sclerosis (arrow), (b) language fMRI with word naming paradigm dem- 
onstrates activation in the right inferior frontal gyrus (arrow). (c) 


Key Point 

e In drug-resistant epilepsy patients, and patients 
with focal epilepsy, a dedicated imaging protocol 
with high resolution images will be necessary in 
order to find the epileptogenic lesion, and therefore 
have the potential of a surgical treatment. A variety 
of non-radiological adjunct tests are available that 
may help in the localization of the seizure focus and 
preferably these challenging cases are therefore dis- 
cussed in multidisciplinary conferences. 


Language MR with an auditive comprehension paradigm test demon- 
strating activation in the right posterior temporal gyrus (arrow). The 
language fMRI indicates that the language function is in the right 
hemisphere 


In the following, we will discuss the imaging features of 
epileptogenic lesions highlighting imaging pearls and 
pitfalls. 
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Fig. 10.4 SISCOM (subtracted ictal and interictal SPECT co-registered with MR) in an epilepsy patient with temporal lobe epilepsy demonstrates 
that there is hyperperfusion in the right hippocampus and anterior temporal lobe during the seizures, indicating the ictal onset zone 


10.2 Mesial Temporal Lobe/Hippocampal 
Sclerosis 


Most patients with mesial temporal sclerosis (MTS) present 
with complex partial seizures. These are characterized by sei- 
zure semiology that comprises déja vu sensations, epigastric 
auras, lip smacking, or other oral automatisms and often have 
in their past medical history febrile seizures as a child with 
progressive worsening of seizure frequency and severity over 
time. MTS is characterized by sclerosis and volume loss in the 


hippocampus that often starting with loss of tissue in the stra- 
tum pyramidale in CA1 region [19]. The affected hippocam- 
pus will appear hyperintense on T2/FLAIR sequences due to 
the gliosis/sclerosis. The atrophy will lead to loss of the inter- 
digitations of the head of the hippocampus, widening of the 
temporal horn, and atrophy of the white matter of the temporal 
lobe (Fig. 10.5). As a consequence of Wallerian degeneration, 
there may be atrophy of the projecting pathways of the hip- 
pocampus, including the Papez circuit, with atrophy of the 
ipsilateral fornix and the mammillary body. Importantly to 
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Fig. 10.5 Typical radiological findings in hippocampal sclerosis: (a) 
Coronal FLAIR, (b) coronal T2 demonstrates hyperintensity in the 
right hippocampus (white arrows), (c) coronal 3DMPRAGE shows bet- 
ter than T2 and FLAIR the atrophy in the right hippocampus (white 


Fig. 10.6 Example of dual pathology in a patient with right hippocam- 
pal sclerosis and focal cortical dysplasia in the right inferior frontal 
gyrus. (a) Coronal FLAIR at the level of the hippocampi demonstrates 
the typical findings of HS with atrophy and hyperintensity within the 


note, in nearly 20% of patients with MTS dual pathology is 
present with a second epileptogenic focus (Fig. ). It is 
believed that in these cases, the other epileptogenic lesions 
triggered the mesial temporal lobe sclerosis (similar to febrile 
seizures as a child can trigger or “kindle” a mesial temporal 
lobe sclerosis). Dual pathology may also consist also of bilat- 
eral mesiotemporal lobe sclerosis as one hemisphere may trig- 
ger the other hippocampus to become sclerotic, thus 
constituting bilateral abnormalities. As the internal reference 
(i.e., the contralateral hippocampus) is similarly affected, 
comparison of the signal with other regions of 3-layered cor- 
tex, i.e., limbic structures can identify whether a mesial tem- 
poral lobe sclerosis is present bilaterally. Thus, if the T2/ 
FLAIR signal of the hippocampus is bilateral symmetrical but 
higher as compared to the cingulum or insula one may con- 
sider bilateral mesial temporal lobe sclerosis (Fig. ). 


arrow), (d) coronal T2 centered on the hippocampus shows loss of the 
interdigitation in the head of the right hippocampus (white arrow) with 
normal appearances in the left hippocampus (thick white arrow) 


right hippocampus (white arrow), (b) coronal FLAIR at the level of the 
frontal and anterior temporal lobes, showing blurring between gray and 
white matter in the right inferior frontal gyrus, consisting in focal corti- 
cal dysplasia (white arrow) 


Key Point 

e Mesial temporal lobe sclerosis is the most com- 
monly seen cause for medication refractory epi- 
lepsy in temporal lobe epilepsy and is characterized 
by an indistinct gray—white matter differentiation, 
abnormal high signal on T2/FLAIR sequences, and 
atrophy. In up to 15-20% of cases, additional epi- 
leptogenic pathology is found in patients with 
mesial temporal lobe sclerosis. 
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Fig. 10.7 Patient with bilateral hippocampi sclerosis. (a) Coronal T2 
at the level of the body of the hippocampi demonstrates atrophy of both 
hippocampi, being difficult to distinguish abnormal signal because both 


10.3 Malformations of Cortical 
Development 


To understand the different types of malformations of corti- 
cal development (MCD), it is important to be aware of the 
embryology of cortical development: While during the sev- 
enth week of gestation neuronal proliferation in the subepen- 
dymal germinal matrix occurs, at the eighth week of 
gestation, these cells migrate outward in multiple waves of 
radial outward migration aided by chemotaxis, i.e., radial 
glial cell guidance. In the last part of the cortical develop- 
ment, the lamination, cells are organized within different 
cortical layers in a process that is orchestrated by the sub- 
plate in the lowest layer of cortex. Chromosomal mutations, 
destructive events, or toxins may inhibit either of these three 
processes (proliferation, chemotaxis, or cortical organiza- 
tion) which will lead to abnormalities in stem cell develop- 
ment, migration, or lamination [20, 21]. 

Malformations related to abnormal stem cell development 
include focal or transmantle cortical dysplasias (balloon ell 
or type II FCDs) and the hemimegalencephalies. 

Type II FCD is characterized by dysmorphic neurons with 
or without balloon cells in addition to cortical dyslamination 
and is identical to cortical hamartomas in tuberous sclerosis. 
The transmantle sign is a specific radiologic feature of FCD 
type II, which is more frequently detected in patients with 
FCD type IIb than FCD type IIa. Histologically, the trans- 
mantle sign reflects abnormal cells extending from the ven- 
tricle to the cortex manifesting as a linear T2-weighted or 
FLAIR hyperintensity from ventricle toward the cortex (the 
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are affected, (b) coronal FLAIR at the same level that T2 shows that 
both hippocampi are hyperintense (white arrows) in comparison with 
the insula (white thick arrow) 


radial band or foot) can be seen in association with a subcor- 
tical FLAIR hyperintensity [14] (Fig.10.8). 

There are MCD that predominantly or exclusively involve 
complete or substantial portion of one cerebral hemishere. 
There are disorders of neuronal proliferation and neuronal 
migration. It can occur as an isolated anomaly or in associa- 
tion with various neurocutaneous syndromes. There are two 
categories of hemispheric MCD: hemimegalencephaly and 
sublobar MCD, depending on the severity of the hemiphere 
involvement. In hemimegalencephaly, a diffuse hamartoma- 
tous overgrowth as a result of abnormal stem cell prolifera- 
tion is present resulting in broad gyri, shallow sulci, and a 
blurred gray—white matter junction. The ipsilateral ventricle 
is often enlarged and demonstrates an abnormal straight 
course of the frontal horn. In sublobar MCD, the affected 
hemisphere usually is not enlarged and the malformation 
may partially spare anterior or posterior regions of the 
affected hemisphere (Fig. ). Clinically, patients present 
with macrocephaly, hemiplegia, developmental delay, and 
seizures. The affected hemisphere is non-functional, thus 
hemispherectomy can be proposed to these patients, if the 
contralateral hemisphere has no other epileptogenic lesions. 
Thus, pre-operative detailed clinical and radiologic assess- 
ments are required to determine if there are co-existing 
abnormalities in the contralateral hemisphere [22]. 

Lissencephalies, the agyria-pachygyria complex and het- 
erotopia are malformations related to abnormal migration . 

In the lissencephalies, there has been a global halt in the 
migration . An impaired last phase of neural migration will 
lead to paucity of the gyral and sulcal development with a 
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Fig. 10.8 Three cases of FCD type II. (a, b, c) patient 1; (a) 3DFLAIR 
with (a) coronal, (b) sagittal, and (c) axial, showing the typical signs of 
FCD type II, blurring between white and gray matter, juxtacortical 
(thick arrow), white matter hyperintensity, and the transmantle signs 
(arrow). (d, e) patient 2; (d) coronal 3DT1 (e) and coronal T2 show 
thickened cortex, blurring between gray and white matter in the left 


fusiform gyrus without transmantle sign (arrows) (e, f) patient 3, (f) 
coronal T2, and (g) coronal FLAIR shows juxtacortical white matter 
hyperintensity in the right inferior temporal gyrus and incomplete 
transmantle sign (arrow). The right hippocampus shows high signal on 
FLAIR indicating HS (dual pathology) 
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Fig. 10.9 Two cases of 
hemispheric malformation of 
cortical development. (a) 
Patient with 
hemimegalencephaly. Axial 
and coronal FLAIR showing 
the typical findings of 
enlargement of the affected 
hemisphere, diffuse 
thickening of the cortex with 
shallow sulci, blurred gray 
and white matter interface, 
heterotopic gray matter in the 
subcortical region, white 
matter increased volume with 
signal abnormalities, 
enlargement and abnormal 
configuration of the lateral 
ventricle, and dysplasia of 
subcortical gray matter 
structures. (b) Patient with 
sublobar FCD, coronal, and 
axial FLAIR showing similar 
findings than 
hemimegalencephaly but the 
abnormal hemisphere and the 
lateral ventricle are not 
enlarged, and the 
malformation spares the 
posterior region of the 
affected hemisphere 


smooth brain surface and diminished white matter. Patients 
present with global developmental delay and seizures. Two 
different types of lissencephaly can be distinguished: the 
posterior agyria (related to an alteration on Chromosome 17) 
(Fig. ) and the anterior agyria which is an X-linked 
disease. 

Female carriers of the affected X-chromosome present 
with band heterotopias that is more present in the frontal 
lobes compared to the parietal lobes. Thus, if females present 
with band heterotopias, genetic counseling may be indicated. 
The band may be thin or thick depending on the amount of 
arrested migration. Patients with a thick band have less nor- 
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mal cortex (that can be thinned) and present with a more 
severe developmental delay. 

In addition to the “band heterotopia,” focal subcortical het- 
erotopia can be present, On imaging, swirling, curvilinear 
bands of gray matter as well as thinned cortex, and paucity of 
the white matter are seen. The ipsilateral ventricle may be dis- 
torted, and there can be an associated callosal hypogenesis. 

The third type of heterotopia is coined periventricular 
nodular heterotopia. On imaging an exophytic smooth ovoid 
mass in the residual germinal matrix, i.e., along the ventricu- 
lar surface is seen. The periventricular nodular heterotopia 
may exhibit quite mild symptoms with normal development 
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Fig. 10.10 Patient with 
posterior lissencephaly. Axial 
3DMPRAGE shows diffuse 
blurring between gray and 
white matter, cortical 
thickening, and abnormal 
gyral pattern in the posterior 
part of the brain 


Fig. 10.11 Three examples of malformations related to abnormal 
migration: (a) T1 axial demonstrates typical band heterotopia (arrow), 
(b) T2 axial shows periventricular heterotopias involving both lateral 
ventricles (arrows), and (c) coronal T1 shows subcortical heterotopias 


and late onset of seizures, if the amount of abnormal tissue is 
small. If the periventricular heterotopia completely lines the 
walls of both ventricles, a familiar form has to be considered, 
and in these cases developmental delay and seizure activity 
are typically more pronounced (Fig. 10.11). 

Malformations related to abnormal cortical organization 
can be subdifferntiated into polymicrogyria, schizencephaly, 
and FCD type I (non-balloon cell). In polymicrogyria, neu- 
rons reach the cortex but distribute abnormally, thus multiple 
small gyri are formed. Polymicrogyria is most found around 
the posterior sylvian fissures when bilateral present in the 
perisylvian region patients who can present with pseudobul- 
bar palsy (Fig. ). 

In open-lip schizencephaly, a cleft that is lined by gray 
matter reaches from the periphery to the ventricle while in 
the closed-lip schizencephaly, gray matter is reaching from 
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extending from the subcortical white matter of the right lateral ventricle 
(arrow) and associated with abnormal gyral pattern and focal subarach- 
noid space enlargement 


the periphery to the ventricle and a dimple is seen in the ven- 
tricular wall. Schizencephaly can be multifocal and bilateral. 
The cortex lining the defect is polymicrogyria with ill- 
defined margins to the white matter. Disorders of lamination 
can be very subtle, and only mild focal blurring of the gray— 
white matter junction may be present. 


Key Point 

e Malformations of cortical development are com- 
monly seen in pediatric patients with medication 
refractory epilepsy and usually are neocortical epi- 
lepsy. There malformations of cortical development 
depend on the embryological stage that they occur 
and can be very diffuse or very subtle. 
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Fig. 10.12 Two patients with malformation of abnormal cortical orga- 
nization. (a) coronal 3DMPRAGE demonstrates bilateral perirolandic 
bilateral polymicrogyria and abnormal and deep sulci. No dimple is 


10.4 Epileptogenic Tumors 


Nearly all brain tumors are epileptogenic, however, given 
their location, there are certain tumors that have a very high 
propensity of eliciting medication refractory seizures. Most 
of these are benign and just by means of location (i.e., within 
the cortical-white matter interface and with temporal lobe 
predilection) cause the seizures, these are often considered 
good candidates for surgery. As a general discussion of all 
tumors is beyond the scope of this chapter, we will focus 
only on three tumors that are commonly associated with epi- 
lepsy., Usually are slow growing tumors that appear during 
childhood or early adulthood and are defined as long-term 
epilepsy associated tumors (LEAT) [23]., The most common 
are (1) gangliogliomas, (2) DNETs, and (3) tuber cinereum 
hamartomas. 


1. Gangliogliomas are cortically based, partly cystic tumors 
that may calcify and often harbor an enhancing nodule. 
Gangliogliomas occur in young adults and older children, 
when present under the age of 10, they are often larger 
with more cystic components. They are mainly located in 
the temporal lobes but can also occur in parietal and fron- 
tal lobes (Fig. 10.13). 
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seen in the lateral ventricles. (b) Axial 3DMPRAGE shows polymicro- 
gyria in the right superior and middle frontal gyrus (arrow) 


2. DNETs are well demarcated, bubbly, intracortical masses 
that also are most common in the temporal, parietal, and 
frontal lobes. They may calcify but enhancement is very 
rare and if present should lead to more intensive follow- 
up as the enhancing portion of a DNET may recur follow- 
ing surgery (Fig. 10.14). 

3. Tuber cinereum hamartoma present with the combination 
of gelastic seizures and precocious puberty. They are 
located at the floor of the third ventricle (i.e., the tuber 
cinereum) do not enhance and are isointense to cortex. 
They are non-neoplastic tumors with disorganized collec- 
tion of neurons and glia (Fig. 10.15). 


Key Point 

e Long-term associated epilepsy tumors are usually 
low-grade tumors and usually appear in the infancy 
or early adulthood. Usually they involve the gray 
matter, and most commonly are located in the tem- 
poral and frontal lobes. 
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Fig. 10.13 Patient with 
temporal lobe epilepsy and 
ganglioglioma: (a) coronal 
FLAIR, (b) coronal T2, and 
(c) axial T2 demonstrate a 
heterogenous lesion in the 
right amygdala with a small 
cyst (arrow). (d) Post-contrast 
T1 shows a small enhancing 
nodule (arrow) 


Fig. 10.14 DNET. (a) Axial 3DMPRAGE, (b) axial FLAIR, and (c) axial T2 showing a superficially multicystic lesion in the left parietal lobe 
with mixed signal of FLAIR (arrow), satellite cyst (star), and remodelling of the calvarium (thick black arrow) 
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Fig. 10.15 Two epileptic patients with hamartomas of the tuber cine- 
reum. The upper row shows a large tumor in the floor of the 3° ventricle 
extending into the suprasellar region with a similar signal to the hippo- 
campus on T1 (a, b) and T2 sequences (ce, d) (arrows). The patient has 


10.5 Other Causes of Focal Epilepsy 


Many other pathologies can cause seizure. Similar to the pre- 
vious paragraph, it is beyond the scope to in detail describe 
imaging features of vascular malformations, infections, or 
trauma that can go along with seizures, and most of the enti- 
ties are described in other chapters of this syllabus. We there- 
fore only want to highlight few epilepsy-relevant facts and 
features of these conditions. 

Vascular malformations can cause seizures due to previ- 
ous hemorrhage and scarring, hemosiderin deposition (espe- 
cially when close to the cortex), or gliosis. AVMs in the 
temporal lobe have a higher likelihood of producing seizure 
due to interference of the normal blood supply and drainage 
of potentially epileptogenic structures such as the 
hippocampus. 

Cavernous malformations that are cortically located and 
have hemosiderin staining reaching the cortex, and in par- 
ticular the mesial temporal lobe structures, are very often 
associated with seizures as the hemosiderin stain is believed 
to have a strong irritative potential for neurons. They are best 
visualized on T2 gradient echo or SWI sequences where they 
demonstrate with the classical blooming artifact (Fig. ). 

Patients with previous trauma can experience post- 
traumatic seizure disorder, especially after having sustained 
contusional hemorrhages of their temporal lobes as gliosis 


a retrocerebellar cyst. The lower row shows a small hamartoma inside 
the 3°ventricle with the same signal as the gray matter on sagittal 
FLAIR (e), coronal TIMPRAGE (f), and axial and coronal T2 (g and h) 
(arrows) 


and hemosiderin staining can cause irritation of the sur- 
rounding cortex. 

Neonatal anoxic ischemia or hypoxemia can cause ulegy- 
ria—i.e., a scar/defect of the cerebral cortex that mainly 
involves the cortex in the depth of the sulcus, whereas the 
cortical crowns remain relatively unaffected [24]. 

If the perinatal ischemia has only involved one hemi- 
sphere (perinatal stroke), a Dyke-Davidoff-Masson syn- 
drome will ensue where stable hemiatrophy is present with 
hypertrophy of the skull and the sinuses, paucity of white 
matter, ventricular enlargement, and mild gliosis (Fig. ). 

Virtually any infection (bacterial, fungal, parasitic) can 
produce epileptogenic lesions, and worldwide infections are 
the leading cause of epilepsy (Fig. ). A typical example 
is neurocysticercosis which is a very common cause of focal 
epilepsy in the developing world. 

Antero-basal temporal lobe encephaloceles are lesions 
that are either related to a congenital defect of the bone or to 
previous trauma. Brain tissue can extend into the pterygo- 
palatine fossa through the bony defect at the base of the 
greater sphenoid wing in the region of the foramen rotundum 
and pterygoid process. The herniated brain demonstrates 
high T2/FLAIR signal and is believed to be the epileptogenic 
focus (Fig. ). Following resection of the abnormal brain 
tissue seizure freedom can be obtained in a very large pro- 
portion of cases. 
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Fig. 10.16 Patient with temporal lobe epilepsy, showing a typical cav- 
ernoma finding with (a) popcorn appearances on T1 coronal, and sur- 
rounded by hemosiderin in the white matter seen on (b) coronal FLAIR, 


(c) coronal T1, and (d) axial T2 sequences. Note that the right amygdala 
and hippocampus are normal 


Fig. 10.17 A 16-year-old boy with perinatal vascular injury and epi- 
lepsy and right hemiparesis. A large porencephalic cyst that involves 
the part of the left middle cerebral artery territory. The cyst shows some 
septa and contacts with the ependyma of the left lateral ventricle. There 
is an abnormal signal in white matter indicating gliosis and Wallerian 


Fig. 10.18 A 35-year-old female with a previous history of meningitis 
and epilepsy. MRI (a) axial T2WI (b) coronal FLAIR shows atrophy of 
the left temporal lobe with white matter hyperintensity associated with 
left HS (arrow). (c) SISCOM images indicate that the ictal onset zone 


Rasmussen’s encephalitis is a presumably autoimmune- 
mediated chronic inflammation of the brain that presents 
with progressive gliosis and volume loss. Patients experience 
seizures and a progressive hemiparesis (Fig. J; 


degeneration. Note the hypertrophy of the left side of the skull and 
asymmetric enlargement of the frontal sinus (a, b) axial T2WI; (c) cor- 
onal FLAIR. (d) SISCOM indicates that the seizure onset zone is in the 
midsagittal cortex near the porencephalic cyst 


initiates in the left neocortical temporal lobe. (d) Language fMRI dem- 
onstrates activation of the right hemisphere during an auditive compre- 
hension paradigm, indicating that the language function has been 
transferred to the other hemisphere 


Key Point 

e Many other pathologies including vascular malfor- 
mations, phakomatoses, or remote infections or 
trauma can cause medication refractory epilepsy, 
particularly if they involve the gray matter. 
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Fig. 10.19 Patient with temporal lobe epilepsy. MRI exam (a) T2 coronal and (b) axial T2MRI show the left temporal pole extending into the 
pterygopalatine fossa throughout a small defect of the left greater sphenoid wing seen on (c) coronal CT (arrows) 


Fig. 10.20 A 9-year-old patient with continuous partial seizures aris- right lentiform and caudate nuclei with progressive right hemisphere 
ing from the right hemisphere, progressive cognitive deterioration, and atrophy. (Axial 3DT1 upper row, axial T2 lower row) 
left hemiparesis. MRI studies over time show progressive atrophy of the 
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Learning Objectives 

e To understand the spectrum of disorders that may 
cause a patient to become unconsciousness. 

e To appreciate the central role of imaging in the eval- 
uation of patients found unresponsive. 

e To recognize key imaging findings that define diag- 
nosis, drive treatment, and predict outcome in the 
unconscious patient. 


Consciousness is believed to arise from two inter-related 
brain functional states: wakefulness, reflecting an individu- 
al’s level of arousal and response to external stimuli, and 
awareness, representing the content of one’s conscious expe- 
rience and the ability to interact with the external environ- 
ment. Disruption to either or both states may result in a 
patient being “found down.” The inability to take an accurate 
medical history, the limitations of physical examination in 
the obtunded patient, and the need to rapidly make treatment 
decisions position imaging centrally within the evaluation of 
most of these patients. Radiologists should be prepared to 
help decide on an appropriate imaging strategy, suggest a 
limited differential diagnosis as to root causes for the 
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patient’s condition, identify problems that mandate emergent 
medical or surgical intervention and, in some cases, assist in 
defining short- and long-term prognosis. 

Any disruption to the normal brain chemistry, structure, 
metabolism, or function may cause a patient to become 
unconscious. Because the brain has a remarkable ability 
adapt to chronic stress, disorders of arousal usually come as 
the result of acute rather than longstanding disease. Acute 
trauma (known or occult) and cardiorespiratory failure are 
the most frequent causes. In one study of seven major cen- 
ters, roughly one third of patients found down were initially 
triaged for trauma, and two thirds were triaged for medical 
illnesses [1]. The majority (74.1%) underwent head CT at 
some point during their treatment, typically during initial 
assessment but also later during their hospitalization. The 
delayed use of imaging derived in part from the fact that 
nearly half (47.7%) of patients suffered from comorbid trau- 
matic and medical illness. 

Given the frequency of traumatic injury in patients found 
down, it is convenient to divide causes for unconsciousness 
into traumatic and non-traumatic. In both cases, the brain 
may be involved either from a primary insult or from second- 
ary dysfunction due to other systemic disorders such as sep- 
sis, metabolic derangement, toxic exposure, hypotension, or 
hypertension (Table 11.1). Among primary brain abnormali- 
ties, diseases caused by diffuse neuronal dysfunction should 
be distinguished from diseases that disproportionately 
involve the individual anatomic structures that contribute to 
consciousness (Table 11.2) [2]. We highlight several impor- 
tant diagnoses with actionable findings that may be identi- 
fied in imaging studies of patients who are found down. 
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Table 11.1 General differential considerations in the imaging evalua- 
tion of patients found down 


Acute traumatic brain injury 
Acute vascular abnormalities 
Hypoxia and hypoperfusion 
Seizures 
Elevated or low intracranial pressure 
Herniation syndromes 
Viral encephalitis 
Acute necrotizing encephalopathy 
Toxic exposures, for example: 
Carbon monoxide 
Methanol 
Ethylene glycol 
Organophosphates 
Metabolic abnormalities, for example: 
Hypoglycemia and hyperglycemia 
Hyponatremia and hypernatremia 
Uremia 
Hyperammonemia 
Wernicke’s encephalopathy 
Osmotic demyelination 


Table 11.2 Anatomic brain structures contributing to the conscious 
state 


Brainstem (especially nuclear components of the reticular activating 
system) 

Hypothalamus (especially midline paraventricular nuclei) 

Anterior striatum 

Claustrum 

Thalamus (especially central nuclei) 


11.1 Structural and Vascular Abnormalities 
Traumatic axonal injury (TAD, a severe form of traumatic 
brain injury that often renders patients’ unconscious, repre- 
sents up to half of all brain injuries after severe trauma in the 
United States [3]. High-speed motor vehicle accidents, shake 
injuries to infants, fall from heights—any major traumatic 
mechanism associated with rapid acceleration-deceleration 
of the brain relative to the skull can lead to TAI. Exposed to 
mechanical shear, structures within the brain with different 
tensile strength, viscosity, and microscopic architecture suf- 
fer from stretch or tear injuries of axons, cell bodies and 
myelin, disruption of normal chemical processes, and abnor- 
mal cellular function. Although all areas of the brain may be 
involved, TAI most often affects the corpus callosum, the 
brainstem (especially the dorsal midbrain), and cortical gray- 
white interfaces. Findings are evident on CT only in the most 
severe injuries, in which tiny foci of parenchymal hemor- 
rhage are observed. Susceptibility-sensitive and diffusion- 
weighted MRI are usually necessary to detect and characterize 
the extent of TAI and show multiple focal areas of signal 
abnormality in typical brain areas (Fig. 11.1). 


C. P. Hess and J. G. Smirniotopoulos 


After trauma, hypoxic insults from cardiac or respiratory 
failure, as may result from cardiac arrest, shock, choking, or 
drug overdose, represent the most common cause for diffuse 
brain injury in the patient found down. The degree to which 
the brain is injured depends upon the severity and duration of 
deprivation of oxygen and/or reduced perfusion, which is 
required to make glucose that supplies the brain’s energy. 
Complete anoxia, even for short periods, usually involves the 
entirety of the brain. When oxygen in the blood is insuffi- 
cient to support energy production, the most metabolically 
active areas of the brain are disproportionately affected. The 
hippocampus, basal ganglia, thalami, and cerebellum are 
most often involved in adults suffering from global hypoxic 
and ischemic injuries. Importantly, the imaging appearance 
of hypoxia also depends on the timing of imaging relative to 
the injury. Swelling and loss of normal gray-white differen- 
tiation in the acute phase progresses to atrophy in chronic 
stages, and white matter abnormalities are delayed with 
respect to those in gray matter. Early evidence of hypoxic 
injury on both CT [4] and MRI [5] have been advocated as 
useful markers to predict clinical outcome. 

Low cerebral perfusion pressure due to systemic hypoten- 
sion or intracranial hypertension, which occurs together with 
hypoxia, may also cause patients to become acutely uncon- 
scious (Fig. 11.2). In this scenario, it is the border-zone or 
“watershed” areas of the brain—in-between vascular territo- 
ries—that are most impacted. Reduced cerebral blood flow 
not only causes cellular ischemia, but also results in platelet 
microemboli that lodge preferentially within end arteries, 
especially the leptomeningeal arteries that overlie arterial 
border zones [6]. The degree of injury may be most severe in 
vascular territories that lie distal to pre-existing arterial ste- 
nosis, for example, distal to from carotid or intracranial ath- 
erosclerosis. Hypoperfusion injury is diagnosed when 
wedge-shaped areas of injury are evident between affected 
arterial territories or in a linear “string of pearls” pattern par- 
alleling the lateral ventricles. 

Although CT can detect watershed injury in the patient 
found down, MRI is usually necessary to characterize the 
severity and extent of injury. This is especially the situation 
for micro-occlusive disease, such as occurs in thrombotic 
microangiopathy. Here, low cerebral perfusion pressure 
occurs in the microcirculation of the brain because of in situ 
occlusions within capillaries, arterioles, and sometimes 
venules from cerebral vasculitis, intravascular lymphoma, 
disseminated intravascular coagulation, or thrombocytope- 
nia, for example [7]. This diagnosis is particularly challeng- 
ing to make in the unconscious patient and relies on the MRI 
observation of multiple tiny foci of susceptibility signal 
change scattered throughout the brain, often together with 
edema and punctate foci of reduced diffusion. 

Diffuse brain disease can be distinguished from other dis- 
orders that directly impact the brain areas that are responsible 
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Fig. 11.1 Diffuse brain 
injury. (a) Axial T2*- 
weighted gradient echo MRI 
shows diffuse axonal injury, 
with multiple foci of 
susceptibility in a patient 
found unconscious after 
high-speed motor vehicle. (b) 
Axial diffusion-weighted 
MRI in a patient after global 
hypoxia, with relatively 
symmetric involvement of the 
basal ganglia. (c) Axial 
unenhanced CT 4 h following 
cardiac arrest, with diffuse 
parenchymal swelling and 
loss of gray-white 
differentiation. (d) Axial 
unenhanced CT showing 
reversal of normal gray and 
white matter density in a 
patient 6 days after being 
found unresponsive 


Fig. 11.2 Hypoperfusion 
injury. (a) Axial diffusion 
trace MRI showing watershed 
injury after acute aortic 
dissection, with wedge- 
shaped infarcts in the 
junctional zones of the right 
anterior and middle cerebral 
arteries and the right middle 
and posterior cerebral arteries. 
(b) Axial susceptibility- 
sensitive MRI in a patient 
with autoimmune hemolytic 
anemia and diffuse 
thrombotic microangiopathy, 
showing innumerable foci of 
intravascular susceptibility 
and associated edema 
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Fig. 11.3 Localized brain 
abnormalities. (a) Axial 
unenhanced CT showing 
hyperdense basilar artery 
from thrombotic occlusion. 
(b) Axial unenhanced CT 
with internal cerebral venous 
thrombosis, seen as 
hyperdense internal cerebral 
veins with venous edema in 
the thalami and basal ganglia. 
(c) Axial T2 FLAIR MRI in a 
comatose patient with 
Japanese encephalitis. (d) 
Axial T2-weighted MRI in a 
child found unresponsive after 
febrile illness, diagnosed with 
acute necrotizing 
encephalopathy 


for maintaining the brain’s conscious activity (Fig. ). 
Insults to the thalamus, hypothalamus and brainstem may 
cause patients to become unresponsive. Interruption of the 
arterial supply or venous drainage of the thalami and brain- 
stem, especially from basilar artery thrombosis or internal 
cerebral venous thrombosis, are critical abnormalities to 
identify on CT examinations of patients found down. Certain 
viral illnesses, such as West Nile virus, Japanese encephali- 
tis, Murray Valley encephalitis, Eastern equine encephalitis, 
and influenza A, also have a predilection for selective 
involvement of the thalami and brainstem. Acute necrotizing 
encephalopathy (ANE), a para-infectious disorder that fol- 
lows acute viral illness, is also associated with symmetric 
abnormalities of the thalami. In contradistinction to direct 
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viral infection, ANE results from delayed immune-mediated 
injury to these structures [8]. The disease is more common in 
genetically susceptible individuals. 


Key Point 

e Loss of consciousness may result from any process 
that structurally involves the entire brain or specifi- 
cally impacts the brainstem, the hypothalamus, or 
the thalamus. MRI is typically more sensitive for 
most disorders, especially early following the onset 
of hypoxia, hypoperfusion, or ischemia. 
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11.2 Intracranial Pressure and Herniation 
Syndromes 


Intracranial pressure (ICP) normally ranges from 7 to 15 mm 
Hg in supine adults and increases or decreases in response to 
changes in volume of the structures contained within the 
rigid skull—brain, blood, and cerebrospinal fluid (CSF). ICP 
is distributed relatively equally within the cranium, including 
the intra- and extra-ventricular CSF spaces and across the 
different intracranial compartments defined by bony bound- 
aries and by the rigid falx and tentorium cerebelli. Patients 
may lose consciousness because of abnormally increased or 
decreased ICP, when the pressure gradients across intracra- 
nial compartments give rise to herniation and brain compres- 
sion syndromes, and when elevated intraventricular pressure 
causes hydrocephalus. In each scenario, the mechanical dis- 
tortion of the brain and/or associated reduction in its normal 


Fig. 11.4 Brain swelling and 
herniation. (a) Axial 
unenhanced CT showing 
diffuse brain swelling in the 
setting of severe 
hyponatremia, with diffuse 
effacement of sulci and 
ventricular compression. (b) 
Axial unenhanced CT 
showing right 
holohemispheric subdural 
hematoma with leftward 
midline herniation in an 
elderly patient on 
anticoagulants. (c) Midline 
sagittal T2 FLAIR MRI 
showing findings of 
intracranial hypotension. (d) 
Axial unenhanced CT with 
hydrocephalus due to third 
ventricular colloid cyst 


159 


perfusion disrupts brain function, causing the patient to fall 
unconscious. 

Diffuse brain swelling, space-occupying lesions, and 
hydrocephalus all cause elevated ICP. Hypertension, meta- 
bolic derangements, hypoxia, ischemia, meningitis, trau- 
matic injury, and other disorders may be sources of 
life-threating diffuse swelling (Fig. ). Although mild 
swelling can be difficult to recognize on imaging studies, 
more severe swelling is associated with significant narrow- 
ing of convexity sulci, ventricular compression, and efface- 
ment of the normal CSF cisternal spaces (e.g., 


peri-mesencephalic and suprasellar cisterns). Its diagnosis 
relies on the observation of diffusely diminished CSF spaces, 
venous dural sinus narrowing, and flattening of the posterior 
sclera, enlargement and tortuosity of the optic nerve sheath, 
and protrusion of the optic papilla (an imaging correlate to 
papilledema) [9]. Intracranial hemorrhage and tumors of a 
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sufficient size in any intracranial compartment can displace 
normal brain structures and produce herniation syndromes 
that cause a patient to become unconscious. Similarly, any 
obstruction to normal CSF flow that leads to acute hydro- 
cephalus can lead to obtundation. Among the many causes 
for acute hydrocephalus, various infections, intraventricular 
hemorrhage, and tumors such as colloid cysts and pineal 
neoplasms are most common. 

Low ICP of sufficient degree may also cause patients to 
become unresponsive. Intracranial hypotension is caused 
by low CSF volume, typically from CSF leakage from the 
thecal sac in the spine (e.g., from a ruptured root sleeve or 
avulsion). Positional headache, cognitive difficulty, and 
neck pain are more typical of this disorder than frank 
unconsciousness, but extremely low CSF volume causes 
coma in some presenting patients when there is severe ana- 
tomic distortion of the brainstem, downward transtentorial 
or cerebellar tonsillar herniation, alternations in cerebral 
perfusion, and/or unilateral or subdural hematoma in pro- 
found intracranial hypotension. Findings of cerebellar ton- 
sillar descent, brainstem sag, enlargement of the pituitary 
gland, and engorged appearing dural sinuses on are diag- 
nostic for intracranial hypotension and should prompt spi- 
nal MRI to identify the site of CSF leak for targeted 
treatment. 


Key Point 

e Alterations in intracranial pressure cause wide- 
spread electrochemical neuronal dysfunction and/ 
or mechanical deformations of the brain that can 
result in unresponsiveness. 


11.3 Seizures 


Seizures causing unconsciousness may occur in the setting 
of chronic epilepsy or as a symptom of another underlying 
neurologic or systemic illness. Tumors, vascular lesions, 
infections, and other acute and chronic brain injuries and 
many anatomic abnormalities can cause seizures. In most 
patients undergoing imaging after a single first seizure, how- 
ever, an anatomic substrate for the seizure is not found. 
Instead, another metabolic or systemic illness is responsible 
for provoking the seizure. Even in cases without a structural 
brain lesion, both focal and generalized seizure activity may 
be associated with peri-ictal imaging abnormalities. These 
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findings can be helpful to suggest that a seizure led to the 
patient being found down. 

After a seizure, CT may be normal, or may show focal 
swelling of involved brain areas (Fig. 11.5). MRI, which is far 
more sensitive than CT, often depicts swelling, abnormal dif- 
fusion, and/or T2 signal in one or both hippocampi, some- 
times with more broad involvement of multiple limbic system 
structures or other cortical gray matter areas. Occasionally, 
the thalamus also appears abnormally swollen and hyperin- 
tense on T2, particularly after prolonged uncontrolled sei- 
zures or status epilepticus [10]. On both CT and MRI 
perfusion studies, hypoperfusion that extends across normal 
vascular territories may be a clue that a seizure has occurred 
[11]. It is particularly important to differentiate the swelling 
and abnormal perfusion caused by post-ictal changes from 
what is seen in stroke, particularly in patients with who have 
focal neurologic deficits such as aphasia, motor weakness, or 
impaired consciousness after a seizure (Todd’s paralysis). 

White matter abnormalities are less common peri-ictal 
changes after seizures, except in patients whose seizures are 
provoked by underlying hypertension and loss of normal 
cerebrovascular autoregulatory function. In this subgroup of 
patients found down, imaging is necessary to make the diag- 
nosis of posterior reversible encephalopathy syndrome 
(PRES). In contrast to other causes for seizures, PRES causes 
swelling and vasogenic edema that predominates within the 
juxtacortical white matter, particularly within brain regions 
supplied by the posterior circulation (occipital lobes, brain- 
stem, and cerebellum), a location that has been linked to a 
relative deficiency of sympathetic innervation within these 
vessels. Reduced diffusion and hyperperfusion within the 
cortex overlying the involved white matter are often present 
on MRI [12]. Both peri-ictal imaging changes and findings 
of PRES are transient and resolve over a period of days to 
weeks after the underlying cause for seizures is removed. 
Severe prolonged seizures, however, frequently cause per- 
manent injury, evident as atrophy of the involved structures. 


Key Point 

e Most seizures are not associated with discrete brain 
lesions on imaging after a single first seizure. Post- 
ictal changes characteristically cause gyral swelling 
with disproportionate gray matter signal abnormali- 
ties, especially in limbic or epileptogenic brain 
areas. PRES, in which white matter abnormalities 
predominate, is one important exception. 
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Fig. 11.5 Peri-ictal imaging 
abnormalities. (a) Axial 
unenhanced CT and (b) 
corresponding axial CT mean 
transit time (MTT) perfusion 
map illustrating localized 
right parietal swelling and 
increased MTT crossing 
different arterial territories in 
a patient found down with 
right hemiparesis. (c) Coronal 
T2 MRI with bilateral 
hippocampal swelling and 
hyperintensity in a child 
found unresponsive after 
grand mal seizure. (d) Axial 
unenhanced CT showing 
bilateral medial occipital low 
density from PRES ina 
hypertensive patient found 
down. All findings resolved 
on follow-up imaging 


11.4 Toxic Exposures and Metabolic 
Abnormalities 


A variety of medications, toxic exposures, and metabolic 
disturbances can cause a patient to become unconscious. 
Some may cause cardiorespiratory failure, reducing oxygen 
concentration and blood flow in the brain and leading to 
some of the imaging findings previously described with 
hypoxic and ischemic injuries. Other substances are directly 
neurotoxic, including certain medications and by-products 
of metabolism that accumulate in the setting of organ failure. 
An important clue to the presence of one of both toxic and 
metabolic conditions affecting the brain is the observation of 
bilateral symmetrical imaging abnormalities, particularly 
within susceptible brain structures. Several of these disor- 
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ders have characteristic findings that are important to recog- 
nize, as the radiologist may be the first to suggest an 
underlying exposure that requires urgent treatment. 

Acute carbon monoxide (CO), methanol, and ethylene 
glycol poisoning all symmetrically involve the basal ganglia. 
As a potential exhaust product from heating systems, CO is 
the most frequent among these three exposures (Fig. 11.6). 
CO dissolved in blood binds to hemoglobin and displaces 
normal oxygen, in the most severe cases resulting causing 
hypoxic patterns of injury. Unlike typical hypoxic insults, 
however, the CO poisoning has a propensity to cause sym- 
metric necrosis of the internal globus pallidus. Delayed 
effects of CO exposure also include diffuse white matter 
abnormalities, with demyelination induced by endothelial 
cell dysfunction, release of nitric oxide, and consequent for- 
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Fig. 11.6 Carbon monoxide 
poisoning and osmotic 
demyelination. (a) Axial 
unenhanced CT in acute CO 
poisoning, with symmetric 
low density within the globus 
pallidus bilaterally. (b) Axial 
T2-weighted MRI with 
diffuse white matter signal 
abnormality due to delayed 
leukoencephalopathy 
occurring 15 days after 
hypoxic event. (c) Axial 
T2-weighted MRI showing 
hyperintensity in the central 
pons in a “trident” 
configuration, caused by 
central pontine myelinolysis. 
(d) Axial T2 FLAIR MRI 
showing extra-pontine 
myelinolysis, with abnormal 
symmetric hyperintensity of 
the basal ganglia 


mation of oxygen free radicles and lipid peroxidation [13]. 
This delayed white matter injury, or delayed toxic leukoen- 
cephalopathy, typically occurs several weeks following CO 
exposure or hypoxic insult. Ingestion of ethylene glycol, a 
common ingredient in antifreeze, characteristically involves 
the globus pallidus, together with the thalami, hippocampi, 
and brainstem [14]. Finally, brain injury due to methanol 
localizes more frequently to the putamina or lentiform nuclei, 
may involve subcortical white matter, and is often associated 
with basal ganglionic hemorrhage [15]. 

As enumerated in Table , multiple metabolic derange- 
ments can lead to loss of consciousness. The adverse effects 
on brain function come about as the result of shifts in serum 
osmolarity, electrochemical instability, seizures, and/or dis- 
ruption of normal neurotransmitter activity. Like toxic expo- 
sures, metabolic disturbances are frequently symmetric on 
imaging and involve specific brain structures, reflecting the 
selective vulnerability of neurons in particular areas of the 
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brain. Inborn errors of metabolism are a rare cause of dis- 
rupted brain metabolism; more often in adults these abnor- 
malities come about through hepatic, renal, or pituitary 
insufficiency or as toxic side effects of medications. As char- 
acteristic examples, hypo- and hypernatremia cause brain 
swelling and contraction, respectively. The consequent alter- 
ations in brain volume, especially when taking place over a 
short period of time, cause headaches, altered mental status, 
and unconsciousness. Corrected too rapidly, especially in 
patients with hyponatremia and comorbid alcohol use disor- 
der, liver transplants, or malnutrition, shifts in osmotic pres- 
sure can result in demyelination. The central pons is most 
susceptible to osmotic myelinolysis, causing coma and 
quadriparesis in affected patients, but involvement of extra- 
pyramidal structures including the basal ganglia and cortex 
may also be seen. 

Hypoglycemic encephalopathy and hyperglycemia merit 
particular discussion given the frequency of these conditions 
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Fig. 11.7 Metabolic 
derangements. (a) Axial 
diffusion-weighted MRI 
showing high signal in the 
posterior internal capsule and 
corona radiata bilaterally in a 
patient with hypoglycemia. 
(b) Axial unenhanced CT 
several weeks after profound 
hyperglycemia, with relatively 
hyperdense left striatum 
consistent with diabetic 
striatopathy. (c) Axial 
diffusion-weighted MRI in 
hyperammonemia, with 
symmetric high signal in the 
insula and cingulate cortices. 
(d) Axial unenhanced CT in 
uremic encephalopathy, as 
manifest by swollen, 
hypodense lentiform nuclei 
bilaterally 


in diabetic populations (Fig. ). Both are now diagnosed 
easily by laboratory or point-of-care testing, but their effects 
on the brain should be recognized by radiologists as loss of 
consciousness in these patients often leads to imaging. Brain 
injuries due to prolonged or profoundly low blood sugars 
typically result from excessive administration of hypoglyce- 
mic agents. Best seen on diffusion and T2-weighted MRI, 
imaging abnormalities in hypoglycemia symmetrically 
involve the white matter in the posterior limb of the internal 
capsule, corona radiata, centrum semiovale, and callosal 
splenium and gray matter in the basal ganglia, insula, hip- 
pocampus, and hemispheric cortex [16]. The effects of acute 
hyperglycemia, in contrast, are not typically observed on CT 
or MRI. Diabetic striatopathy, with asymmetric changes in 
the putamen and/or caudate, is an uncommon late imaging 
finding in patients that present with hemiballismus and hemi- 
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chorea after seizures or coma from severe non-ketotic 
hyperglycemia. 

Finally, accumulation of ammonia in patients with hepatic 
failure and of uremic toxins in patients with renal failure 
both may lead to unconsciousness and have characteristic 
imaging. When ammonia, produced by the digestion of pro- 
teins and metabolism of bacteria in the gut, fails to be elimi- 
nated by the liver, it is metabolized by astrocytes into 
glutamine. In excess, this important precursor of the neu- 
rotransmitters glutamate and GABA can produce symmetric 
abnormalities of the insula, cingulate cortex, and in more 
severe cases, the subcortical white matter, basal ganglia, 
thalami, and brainstem [17]. In the case of renal failure, ure- 
mic toxins and metabolic acidosis cause disruptions in the 
normal excitatory-inhibitory amino acid balance and 
metabolic acidosis. Symmetric swelling of the basal ganglia 
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and insula is the most common imaging finding in severe 
uremia although this is sometimes accompanied by posterior 
abnormalities patterns typical for PRES given concomitant 
hypertension usually present in these patients [18]. 


Key Point 

e Both toxic exposures and metabolic disturbances 
are associated with relatively symmetric involve- 
ment of selectively vulnerable brain structures, and 
may co-exist with post-ictal, hypoxic, intracranial 
pressure-related or other findings depending on the 
underlying cause. 


11.5 Concluding Remarks 


Imaging serves as cornerstone to the evaluation and manage- 
ment of most patients found down, as almost all patients who 
present with this scenario undergo some sort of imaging dur- 
ing their hospitalization. Both CT and/or MRI may show 
findings related to different primary brain abnormalities or to 
characteristic secondary effects of systemic illness. CT is 
faster and can be useful to exclude diseases that require 
urgent or emergent surgery. However, MRI is far more sensi- 
tive and is more commonly warranted in patients with pro- 
longed issues with coma or loss of consciousness. Across 
different categories of issues that can be seen as a cause for 
or a response to unconsciousness, a subset of causes exhibits 
diffuse brain abnormalities on imaging and another group is 
characterized by strategic insults to the brain areas that most 
important to maintaining consciousness. 


Take-Home Messages 

e Patients may be found unconscious after any injury 
that diffusely disrupts brain function or selectively 
affects specific brain areas responsible for main- 
taining consciousness. 

e Imaging is performed in most patients found down 
at some point during their hospitalization, typically 
during the initial triage for acute medical and surgi- 
cal emergences. 

e The most frequent findings in patients discovered 
unconscious are related to traumatic injury and/or 
cardiorespiratory failure. Overlapping physiology 
may result in more than one imaging abnormality. 

e Hypoxic-ischemic injuries, seizures, electrolyte 
disturbances, toxic exposures, and altered intracra- 
nial pressures have characteristic imaging findings 
that can assist in their diagnosis. 
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Evaluation of Patients with Cranial 
Nerve Disorders 


Jan W. Casselman, Alexandre Krainik, and lan Macdonald 


Abstract Abbreviations 
Neurologists, neurosurgeons, ENT and maxillofacial sur- 
geons, ophthalmologists, and others often detect cranial ADC Apparent diffusion coefficient 
nerve deficits in their patients but remain uncertain about BB Black blood 
the underlying cause. It is the radiologist’s task to identify CN Cranial nerve 
the causative disease, including inflammatory, infectious, CNs Cranial nerves 
vascular, traumatic, tumoral, and neurodegenerative eti- CPA Cerebellopontine angle 
ologies. To detect this pathology, the neuroradiologist or CSF Cerebrospinal fluid 
head and neck radiologist must have a detailed knowledge CT Computed tomography 
of the anatomy of the 12 cranial nerves and available MR CTA Computed tomography angiography 
techniques. Furthermore, selecting the optimal sequences DWI Diffusion weighted images 
significantly depends on access to the patient’s history, FS Fat-saturated 
clinical and biological data. In this chapter, emphasis will IAC Internal auditory canal 
be put on employing the certain imaging techniques best ICA Internal carotid artery 
suited to detect pathologies on the different parts/seg- MR Magnetic resonance 
ments of the cranial nerves: intraaxial, extraaxial intracra- MRA Magnetic resonance angiography 
nial, skull base, and extracranial. MRN Magnetic resonance neurography 
MS Multiple sclerosis 
Keywords NFI Neurofibromatosis type 1 
NF2 Neurofibromatosis type 2 
Cranial nerves - Cranial nerve diseases - Cranial nerve NMOSD Neuromyelitis optica spectrum disorders 
disorders - Cranial nerve tumours, benign - Cranial nerve ye Neurovascular conflict 
tumours, malignant - Perineural tumour spread - Cranial NVCS Neurovascular compression syndrome 


nerve injuries - Cranial nerve V - Cranial nerve VII - PD Proton density 
Magnetic resonance imaging - Computed tomography SWI Susceptibility weighted images 
TIW T1 weighted 
TIWI T1 weighted images 
T2W T2 weighted 
T2WI T2 weighted images 
TN Trigeminal neuralgia 
TOF Time of flight 
TZ Transition zone 
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Learning Objectives 

e To understand that lesions can be found on the dif- 
ferent anatomical segments of the cranial nerves: 
intraaxial—extraaxial—skull base—extracranial. 

e To be aware that the MR technique must be adapted 
for each of these anatomical segments to detect all 
pathologies. 

e To be familiar with the imaging appearance of the 
most frequent cranial nerve pathologies. 


Key Points 

e MR anatomy, from brainstem nuclei to extracranial 
cranial nerve segments, is fundamental to identify 
disease. 

e Available clinical history, clinical presentation, and 
laboratory tests are crucial to make the correct diag- 
nosis on imaging. 

e MRI is the preferred technique to detect CN 
disorders. 

e To be aware of the latest MRI techniques to visual- 
ize cranial nerve anatomy and pathology. 


12.1 Introduction 

The anatomy of the 12 paired cranial nerves (CNs) is com- 
plex and their origin, in the brain (CN I and II) or the brain- 
stem (CN I-XII) as well as further intracranial and 
extracranial courses must be known. Moreover, it is techni- 
cally challenging to cover the complete courses of the differ- 
ent CNs during imaging as well as to choose the right 
sequences on magnetic resonance imaging (MRI). 

There are a wide variety of diseases that can cause cranial 
nerve (CN) disorders and imaging is needed to depict the 
causative pathology, for therapy planning and to assess 
response. The clinical examination, medical history, labora- 
tory, and neurophysiological tests will all aid the radiologist 
to select the correct imaging modality or technique and use 
the best adapted protocol. 

The first goal of CN imaging is to find the exact location 
of the disease: intraaxial (within the brain or the brainstem), 
extraaxial intracranial (outside the brain but inside the skull), 
skull base (in foramina, fissures, or canals of the skull base), 
extracranial (outside the skull). The tumoral, inflammatory, 
infectious, traumatic or dysfunctional disorders occurring 
along the different CN segments differ. Therefore, once 
imaging can link the lesion to one of these segments, a more 
precise and refined differential diagnosis is possible. 
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In this chapter, the most frequent pathologies involving 
the different CNs will be discussed [1-8] with emphasis on 
the MR techniques that should be used to visualize these 
lesions at the different CN segments. 


12.2 Anatomy 


In most anatomy and clinical papers, 12 pairs of CNs are men- 
tioned; however, CNs I and II are extensions of the brain and 
are therefore not true CNs. This also explains why schwanno- 
mas do not occur along the olfactory tract and bulb or on the 
optic nerve. Hence, only 10 pairs of real CNs exist, and these 
nerves I-XII have their nuclei and origin in the brainstem. 

Both the olfactory (CN I) and optic nerve (CN ID become 
discernible at the basal forebrain and leave the anterior cra- 
nial fossa through the cribriform plate and optic canal, respec- 
tively. The ten other CNs originate from the brainstem: the 
oculomotor (CNIII) and trochlear (CN IV) nerves exit from 
the midbrain, the trigeminal nerve (CN V) from the pons, 
while the abducens (CN VI), facial (CN VID, and cochleoves- 
tibular (CN VIII) nerves leave the brainstem at the medullo- 
pontine sulcus. The glossopharyngeal (CN IX), vagus (CN 
X), accessory (CN XI), and hypoglossal (CN XII) nerves 
become apparent at the level of the medulla oblongata. Nerve 
XII is present anterior to the olivary bodies at the pre-olivary 
sulcus while nerves IX-XI are posterior to the olivary bodies 
at the post-olivary sulcus. Cranial nerves II-VI pass through 
the foramina/fissures of the middle cranial fossa. Cranial 
nerves VII-XII leave the posterior cranial fossa through the 
internal auditory canal (CN VI-VII), jugular foramen (CN 
IX-XI), and hypoglossal canal (CN XII). 

Therefore, the location of the causative lesion, in the ante- 
rior fossa close to CN I-II, middle cranial fossa close to CN 
I-VI, or posterior cranial fossa close to CN VII-XII, will 
correlate with the presenting cranial nerve symptoms. 
Furthermore, lesions on distal extracranial branches most 
frequently will result in specific CN deficits, while proximal 
intracranial lesions (e.g. the brainstem) can result in deficits 
of multiple CNs in combination with other central neurologi- 
cal symptoms. 

In practice, the optimal imaging techniques must be used 
to investigate CN impairments caused by (1) intraaxial 
lesions, affecting the CN nuclei and “fascicular segment” or 
segment of the nerve inside the brainstem, (2) extraaxial 
intracranial lesions compromising the cisternal CN fibres, 
(3) skull base lesions involving the CN segment at the skull 
base foramina/fissures and canals, and (4) extracranial 
lesions affecting the CN segments in the head and neck. 

Knowing the complex CN anatomy and function is man- 
datory to study CN disorders in an adapted manner 
(Table 12.1). More anatomical and functional CN details can 
be found in CN textbooks [3—6]. 
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Table 12.1 Cranial nerves disorders and apparent routes 


CN name 
I: Olfactory 


II: Optic 


III: Oculomotor 


IV: Trochlear 


V: Trigeminal 


VI: Abducens 


VII: Facial 


VII: 
Cochleovestibular 


Ix: 
Glossopharyngeal 


X: Vagus 
XI: Accessory 


XII: Hypoglossal 


Main dysfunctions 
Anosmia 


Vision loss. 

Prechiasmatic: unilateral 
anop(s)ia 

Chiasmatic: bitemporal 
hemiano(s)pia 
Retrochiasmatic: 
homonymous hemianop(s)ia 
Oculomotor palsy, ptosis, 
mydriasis 


Trochlear palsy 


Facial anaesthesia-numbness 
Trigeminal neuralgia 


Abducens palsy 


Facial palsy. Hemifacial 
spasm 


Hearing loss, tinnitus, 
dizziness 


Ageusia, dysphagia, throat 
anaesthesia. 
Glossopharyngeal neuralgia. 
Dysphagia, dysphonia 


Impairment of head rotation, 
scapula elevation 
Palsy of the tongue 


CNS coverage 

Basal forebrain: olfactory 
tracts, bulbs, and striae. Uncus, 
parahippocampal and cingular 
gyri 

Basal forebrain: optic 
radiation, chiasma, lateral 
geniculate bodies, occipital 
calcarine sulci 


Midbrain: interpeduncular 
fossa 


Midbrain: tectum 


Pons: anterolateral 


Medullopontine s. (ant.) 


Medullopontine s. (lat.) 


Medullopontine s. (lat.) 


Medulla: retroolivary s. 


Medulla: retroolivary s. 


Medulla: retroolivary s., lateral 
cervical cord 
Medulla: pre-olivary s. 


m. muscle, s. sulcus, ant. anterior, lat. lateral, post posterior 
Courtesy to: A. Krainik, J.W. Casselman, Imaging evaluation of patients with cranial nerve disorders. In: Hodler J, Kubik-Huch R, Von Schulthess 
G (Eds) Diseases of the Brain, Head and Neck, Spine 2020-2023, IDKD Springer, Cham, Switzerland, 2020, pp. 143-161. https://doi. 
org/10.1007/978-3-030-38490-6_12 


12.3 


Imaging Technique 


12.3.1 Imaging Technique: General 
Considerations 


Computed tomography (CT) is valuable in the detection of 
bone lesions and calcifications. Strengths of CT are that it is 
fast, immediately available and that monitored/unstable 


Skull base coverage 
Anterior skull base: 
cribriform plate 


Anterior skull base: 
optic canal 


Middle skull base: 
cavernous sinus, 
superior orbital 
fissure 

Middle skull base: 
cavernous sinus, 
superior orbital 
fissure 

Middle skull base: 
cavernous sinus; V,: 
superior orbital 
fissure 

Va: f. rotundum 

V;: f. ovale 

Middle skull base: 
basilar plexus, 
cavernous sinus, 
superior orbital 
fissure 

Posterior skull base: 
internal auditory 
canal, facial nerve 
canal, stylomastoid f. 
Posterior skull base: 
internal auditory 
canal 

Posterior skull base: 
jugular foramen 


Posterior skull base: 
jugular foramen 
Posterior skull base: 
jugular foramen 
Posterior skull base: 
hypoglossal canal 
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Face and neck coverage 
Nasal mucosa 


Orbit: eye ball retina 


Orbit: oculomotor m. (superior, 
medial, inferior recti, inferior 
oblique), levator palpebrae m., 
ciliary m. 

Orbit: superior oblique m. 


Face 

V,: forehead 

Va: upper cheek 

V3: lower jaw, sensory tongue (2/3 
ant.) 


Orbit: lateral rectus m. 


Face m., lacrimal and salivary 
glands 


Inner ear: cochlea and 
semicircular canals 


Stylopharyngeus m.; sensory 
tongue (1/3 post) 


Pharyngeal m. 
Sternocleidomastoid, trapezius m. 


Tongue muscles 


patients can be examined in a non-magnetic safe environ- 
ment. Therefore, CT is often the first technique used in 
trauma patients, patients with inflammation or infection/ 
abscess and in patients with compromised airways. 

MRI provides superior tissue contrast to noise and is the 


method of choice to investigate CN disorders. As already 
mentioned, MRI protocols must be adapted to the regional 
CN anatomy, based on the available clinical information. 
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This allows selection of the optimal adapted sequences and 
field of view for this anatomical region [2, 8]. The use of 
intravenous contrast media must be justified and will depend 
on the clinical presentation, the initial imaging findings, and 
the potential lesions on the differential (Table 12.2). 

Evaluation of the size and density/signal intensity of CNs 
is easiest when the affected nerve can be compared with the 
normal contralateral CN. This is best achieved on coronal 
images for CNs I-VI as these nerves run in a postero-anterior 
direction. The axial plane is best suited for CNs VII-VIII as 
these nerves run in a slightly oblique axial plane in postero- 
medial to anterolateral direction. 

In many cases, nerve enhancement is the only imaging 
finding in cranial nerve disorders and consequently the use 
of intravenous gadolinium (Gd) contrast enhancement is 
highly recommended in almost all cases. 

Phased array head coils are anatomically suited to image 
the 12 CNs in their course down to the level of the mandible 
and hyoid. Study of the lower cranial nerves in the infrahyoid 


Table 12.2 Technical recommendations to investigate CN disorders 


CN nuclei and Brainstem: nuclei and 

segments intramedullary fibres Cisternal segment 

Sequences T2W/PD (2D) b-FFE XD (3D) 
DWI (2D) DRIVE TSE T2 (3D) 
m-FFE/medic/ MRA (3D) unenhanced 
merge(2D)-nuclei 

Plane Axial 


3D sequences, isotropic. Measured 
in the axial plane, reformatted in any 
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neck or upper mediastinum (CN X) requires the use of an 
additional dedicated neck coil. 


12.3.2 Imaging Technique: New Techniques 


Over the years, new MRI techniques have been developed 
and many of these have proven utility in clinical CN 
imaging. 

High-angular resolution diffusion weighted imaging (at 
least 32 directions) allows cranial nerve tractography based 
on diffusion tensor imaging. Postprocessing however is cru- 
cial and routine software provided by MR vendors will in 
most cases be insufficient for cranial nerve tractography. 
Even with the best available techniques and postprocessing, 
currently only the larger isolated cranial nerves, II, II, V, VI, 
VII, and VIII can be adequately studied [9] (Fig. 12.1a). 
Apart from studying the course of the cranial nerves, for 
instance, the relation of the facial nerve to an VIIth nerve 


Segments surrounded by 
venous plexus—intraforaminal Extracranial nerves— 


fibres face, neck, mediastinum 
T1W TSE HR (2D) T1W TSE HR (2D) 
FFE (3D) T2W TSE HR (2D) 


Black blood TSE T1 (3D) Neurography (3D) 


Axial + coronal 
Neurography: axial 3D 


Cavernous sinus: coronal 
Basilar plexus: axial 


other plane Jugular foramen: axial > isotropic 
coronal 
Hypoglossal canal: axial > 
coronal 
3D sequences: reformatted any 
plane 
Resolution (X x Y T2W/PD: 0.70 x 0.88 x b-FFE XD: 0.5 x 0.5 x 0.5 mm T1W TSE HR: 0.40 x 0.45 x = T1W TSE HR: 0.40 x 
x Z in mm) 3.00 DRIVE T2: 0.46 x 0.46 x 0.50 mm 2.30 mm 0.45 x 2.3 mm 
DWI: 1.40 x 1.42 x 3.00 MRA: 0.69 x 0.70 x 0.70 mm FFE: 0.60 x 0.59 x 1.20mm T2W TSE HR: 0.60 x 
m-FFE: 0.65 x 0.87 x Black blood: 0.55 x 0.55 x 0.53 x 3.3 mm 
2.00 0.55 mm Neurography: 0.89 x 
0.90 x 0.90 mm 
Range T2W/PD: 60 mm b-FFE XD: 80 mm T1W TSE HR: 69 mm T1W TSE HR: 69 mm 
DWI: 128 mm DRIVE T2: 36 mm FFE: 59 mm T2W TSE HR: 106 mm 
m-FFE: 48 mm MRA: 120 mm Black blood: 39 mm Neurography: 90 mm 


T2W/PD: 2 min 31 s 
DWI: 2 min 21 s 
m-FFE: 14 min 46 s 


Acquisition time 


b-FFE XD: 4 min 43 s (CS 10) 
DRIVE T2: 2 min 47 s (CS 3.3) 
MRA: 6 min 50 s (CS 3) 


T1W TSE HR: 7 min 30s (S T1W TSE HR: 7 min 


iL) 30s (S 1.5) 

FFE: 4 min 8 s (S 1.4) T2W TSE HR: 3 min 

Black blood: 5 min 5 s (CS 4) 15 s (CS 2.5) 
Neurography: 8 min 17 s 
(CS 3) 


2D two dimensional, 3D three dimensional, b-F FE balanced fast field echo, CN cranial nerve, CS compressed sense factor, DRIVE driven equilib- 
rium, DWI diffusion weighted imaging, FFE fast field echo, medic multi-echo data image combination, merge multiple echo recombine gradient 
echo, m-FFE merged fast field echo, HR high resolution, MRA magnetic resonance angiography, PD proton density, § sense factor, T2W T2 


weighted, TSE turbo spin echo 


Courtesy to: A. Krainik, J.W. Casselman, Imaging evaluation of patients with cranial nerve disorders. In: Hodler J, Kubik-Huch R, Von Schulthess 
G (Eds) Diseases of the Brain, Head and Neck, Spine 2020-2023, IDKD Springer, Cham, Switzerland, 2020, pp. 143-161. https://doi. 


org/10.1007/978-3-030-38490-6_12 
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Fig. 12.1 New imaging techniques for cranial nerves (CNs): (a) 
Tractography of CNs III (white arrow), V (grey arrow), VII and VIII 
(black arrow) in a normal volunteer (courtesy of Dr. T. Jacquesson and 
A. Attayé, CHU Grenoble, France). (b) Contrast-enhanced axial 3D 
black blood image showing enhancement of the optic nerve sheath in 
the posterior half of the orbit (arrows) in a patient with optic perineuri- 


schwannoma or parotid tumour, global tractography is also 
efficient in mapping cranial nerve ischaemia [10]. Future 
faster imaging acquisition techniques and more refined post- 
processing software will further elevate this CN imaging 
technique in routine clinical practice [9, 11—13]. 

In recent years, 3D black blood (BB) MRI is increasingly 
used in the neuroradiological and Head and Neck fields. The 
major advantage of this technique is that the vessels remain 
dark on the contrast-enhanced images and therefore do not 
mask pathology. The general background tissue also remains 
hypointense, and therefore the sequence is very sensitive for 
enhancement (Fig. 12.1b). Hence, enhancing cranial nerve 


tis. (c) Coronal 3D cranial nerve imaging (3D CRANI) showing the 
normal anatomy of the extracranial CNs: inferior alveolar nerve in the 
mandible (white arrow), distal end of the lingual nerve inside the ante- 
rior 2/3 of the tongue (grey arrow), vagus nerve (grey arrowhead), 
accessory nerve (black arrowhead), and hypoglossal nerve (black 
arrow) 


lesions are easier to depict and can be distinguished from 
surrounding vessels. Furthermore, it is a 3D T1 weighted 
(T1W) TSE technique, resulting in almost no susceptibility 
artifacts, important at the level of the skull base. As it is a 3D 
sequence, excellent multiplanar reconstructions can be made 
in any desired plane. 

MR neurography (MRN) techniques were further opti- 
mized during recent years. They use a contrast-enhanced 
black blood (BB) 3D STIR TSE sequence preceded by an 
MSDE (motion-sensitized driven equilibrium) pulse in com- 
bination with a pseudo-steady-state sweep and compressed 
sensing [14, 15]. Compressed sensing was needed to acquire 
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these high-resolution isotropic images in an acceptable time. 
This technique is very sensitive to detect neuritis, neuropa- 
thy, nerve transection, etc. of the extracranial segments of the 
CNs, pathologies that were often not detectable with stan- 
dard sequences [16]. Furthermore, this allows visualization 
of the extracranial segments of the CNs, down to the level of 
the hyoid and tongue (Fig. 12.1c) [17]; however, higher reso- 
lution sequences and improved neck coils that are available 
today will be needed to follow these nerves in the infrahyoid 
neck and upper mediastinum. 


12.4 Cranial Nerve Lesions 
12.4.1 Intraaxial Cranial Nerve Lesions 


The nuclei and fascicular segment of the CNs MI-XII are 
located in the brainstem. Involvement of these intraaxial CN 
structures will result in complex clinical presentations, con- 
sisting of multiple CN impairments, hemiplegia, hemipare- 
sis, internuclear ophthalmoplegia, extrapyramidal syndrome, 
awareness impairment, nausea, etc. Cranial nerves I and II 
also have their “‘intraaxial’ tract/cortical areas; therefore, 
lesions affecting these structures will result in cranial nerve I 
and II deficits. 

Lesions in the brainstem are best studied with selective 
T2 weighted (T2W) and Proton Density (PD) images or 
mFFE/Merge/Medic images. These images should be 3 mm 
or less to avoid partial volume effects which can limit visual- 
ization of lesions. In the acute setting, diffusion weighted 
images (DWI) should be added to exclude recent infarctions 
and unenhanced T1 weighted images (T1 WI), magnetic res- 
onance angiography (MRA), and susceptibility weighted 
images (SWI) are useful in trauma patients and patients with 
vascular malformations or ischaemic lesions. Gd-enhanced 
TIWI should be added when tumour or infection is 
suspected. 

Stroke and demyelinating disease are the most frequent 
intraaxial causes of CN involvement. 


12.4.1.1 Ischaemic Stroke 
Occlusion of the basilar artery, its perforating arteries, the 
distal portion of the vertebral arteries and the posterior- 
inferior cerebellar arteries can result in brainstem stroke and 
neurologic deficits with secondary CN disorders. 
Unenhanced CT and T1W, T2* or SWI images can be 
used to exclude haemorrhage. DWI, T2 FLAIR images and 
perfusion MR or CT can be used to confirm the acute nature 
of the stroke (Fig. 12.2a) and to detect a penumbra, indicat- 
ing that viable brainstem tissue around the irreversibly dam- 
aged ischaemic core can be saved by intravenous thrombolysis 
[18]. Mechanical thrombectomy for vertebral and basilar 
artery occlusions is a promising approach with initial studies 
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demonstrating the potential of this intervention to benefit 
these patients. Finally, CT angiography and MR angiogra- 
phy (MRA) can be used to confirm vessel occlusion or 
stenosis. 

The nuclei of CN HI, IV, VI reside in proximity of the 
medial longitudinal fasciculus and therefore in case of stroke, 
the resulting nerve deficit is most often associated with inter- 
nuclear ophthalmoplegia (Fig. 12.2a). 


12.4.1.2 Demyelinating Disease 

Multiple sclerosis (MS), neuromyelitis optica spectrum dis- 
orders (NMOSD) with anti-MOG or anti-AQP4 antibodies, 
etc. are a heterogeneous group of inflammatory disorders 
[19]. Lesions located in the cranial nerve nuclei or fascicular 
segments of the cranial nerves will cause related CN symp- 
toms. The trigeminal nerve is the most frequently involved 
CN and trigeminal neuralgia (TN) is the most frequent 
symptom (Fig. 12.2b). Patients with MS have a 20-fold 
increased risk in developing TN, and it affects 1.9-4.9% of 
MS patients. Conversely, MS is detected in 2—4% of patients 
with TN [20]. MS lesions are best seen on T2 weighted 
images (T2WI) or PD images, and the diagnosis is often 
already established clinically or confirmed by the typical 
supratentorial, infratentorial or medullary location, and mor- 
phology of the lesions. 

Central pontine myelinolysis is another demyelinating 
disease mostly affecting the central pons and occurring pri- 
marily in alcoholic or malnourished patients complicated by 
hyponatraemia. The rapid correction of hyponatraemia has 
been recognized as the cause of the demyelination. Patients 
present with subacute progressive quadriparesis with lower 
cranial nerve involvement. It is usually fatal but can be miti- 
gated by gradual correction of the electrolyte disturbance. 


12.4.1.3 Trauma 

High velocity trauma or trauma with a major impact on the 
brain can cause diffuse axonal injuries secondary to struc- 
tural neural shearing. These focal lesions are hyperintense on 
T2WI, hypointense on T2* images or SWI and can be hyper- 
intense on unenhanced T1 WI in the acute phase and result in 
CN impairment when located in CN nuclei or the fascicular 
course. Acceleration—deceleration trauma can also result in 
injury of the posterior midbrain due to impact with the tento- 
rium, causing oedema or superficial haemorrhage with con- 
sequent cranial nerve III or IV involvement. 


12.4.1.4 Vascular Malformations 

Cavernous haemangiomas are the most frequent vascular 
malformations found in the brainstem. They are best detected 
on T2* images or SWI and have a popcorn-like hyperintense 
centre on unenhanced TIWI which can slightly enhance 
after Gd administration. They can suddenly increase in size 
with spontaneous bleeding resulting in localized haemor- 
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Fig. 12.2 Intraaxial lesions with CN disorders: (a) DWI image with 
acute infarct at the site of the left nucleus of CN IV and the left medial 
longitudinal fasciculus (MLF) causing a right superior oblique muscle 
palsy and internuclear ophthalmoplegia (INO). (b) MS patient with 
right trigeminal neuralgia with demyelinating lesions on the fascicular 
segment of the right trigeminal nerve (white arrow) and in the sensory 
and motor nucleus (black arrow) seen as hyperintensities on T2W imag- 
ing. (c) Neuroborreliosis rhombencephalitis with diffuse high signal 
intensity changes on T2W imaging in a patient presenting with falls and 
VIIth nerve (vertigo) symptoms. (d) Covid-19 patient presenting with 
right Vth nerve neuropathy and neuralgia showing enhancement along 


rhage. This can then result in cranial nerve impairment, often 
improving and eventually resolving as the haemorrhage 
resorbs. Fistulas and arteriovenous malformations are less 
frequent causes. 


12.4.1.5 Infectious Diseases 

Listeria rhombencephalitis is caused by the Listeria monocy- 
togenes anaerobic bacterium. This septicaemia occurs after 
oral contamination of infected fresh products. It is the most 
frequent cause of rhombencephalitis, and patients develop a 
spectrum of symptoms related to the brainstem involvement. 
Multiple cranial nerve palsies occur in 75% of the patients. 
The lesions are best seen on MR and are hyperintense on T2 
and FLAIR (Fig. ) with linear CN enhancement and 
heterogeneous (diffuse inflammation) or ring enhancement 
(abscess) on the contrast-enhanced T1WI. The survival is 
only 50% and depends on the timely use of antibiotics. The 
presence of small foci of diffusion restriction indicates a 
worse outcome. 


the cisternal (arrow) and fascicular segment and in the brainstem nuclei 
on contrast-enhanced T1W (courtesy Dr. G. Hespel, AZ Zeno, Knokke- 
Heist, Belgium). (e) FLAIR image showing a low-grade glioma of the 
brainstem in a patient presenting with a right facial nerve palsy due to 
involvement of the right nucleus and fascicular segment of this nerve. 
(£) Contrast-enhanced T1W showing lymphoma in the right pons, cer- 
ebellopontine angle, and interna auditory canal in a patient presenting 
with deafness and dysequilibrium (CN VIII) and a grade 2 facial nerve 
palsy (VII) due to involvement of the nuclei, fascicular, and cisternal 
segments of these nerves 


Some viruses like the cytomegalovirus can manifest in immu- 
nocompromised patients and cause encephalitis and involvement 
of the CN nuclei. Other viruses like the herpes simplex, herpes 
zoster and corona (COVID 19) virus can have a neurotropic 
behaviour. They can follow the cranial nerves into the brainstem 
where they follow the fascicular segment and even the course of 
the nuclei. High signal intensity can be seen on T2WI and FLAIR 
images along these structures and enhancement is possible on 
the contrast-enhanced T1 WI (Fig. ). 


12.4.1.6 Tumours 

Midline infiltrating glioma of the pons and other tumours 
that can infiltrate the brainstem like metastases, CNS lym- 
phoma, ependymomas, and medulloblastomas can all cause 
cranial nerve deficits, especially when growth is rapid. The 
lesions have a high signal intensity on T2WI and FLAIR 
images and heterogenous enhancement on post-contrast 
TIWI, except for lymphoma which has a homogeneous 
enhancement (Fig. , d). 
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12.4.2 Intracranial Extraaxial Cranial Nerve 
Lesions 


The intracranial extraaxial segment or cisternal segment of 
the cranial nerves course between the brainstem and the skull 
base neuroforamina and fissures. They are surrounded by 
cerebrospinal fluid (CSF), and therefore submillimetric 
heavily T2WI are optimal to demonstrate the nerves as grey/ 
black surrounded by high signal intensity white CSF. 
Submillimetric 3D-DRIVE/FIESTA/SPACE T2WI can be 
used for this purpose but their range is limited, and thus dif- 
ficult to cover the desired field of view. The 3D balanced- 
FFE sequence can acquire submillimetric isotropic images 
with a high resolution and a large range, covering all the CNs 
in an acceptable acquisition time. This sequence is however 
more sensitive to banding artifacts and motion. The banding 
artifacts result in black lines running through the high signal 
intensity fluid of the orbits, semicircular canals, cochlea, and 
CSF surrounding the olfactory bulbs. Hence, these periph- 
eral regions and structures are better examined with 3D TSE 
T2W sequences. Another drawback of the 3D b-FFE 
sequence is that the pulsation of the basilar artery can cause 
dephasing or loss of the high signal intensity in the CSF sur- 
rounding this artery and in turn will frequently cause non- 
visualization of the abducens nerve. Visualization of this 
nerve can be accomplished with 3D TSE T2WI. A recent 
improvement of 3D b-FFE T2W sequence to 3D b-FFE XD 
T2W sequence eliminates these banding artifacts and there- 
fore this new sequence can be used in all areas, including 
olfactory bulbs, inner ear, orbits, and for the abducens nerve. 
Gadolinium-enhanced T1 WI or black blood (BB) images are 
used to detect abnormal nerve enhancement and are the most 
sensitive images to detect pathology on the cisternal seg- 
ment. However, it should be cautioned that 3D T1W gradient- 
echo sequences are less sensitive to gadolinium enhancement 
and that subtle/weak enhancement can be missed on these 
images. TSE, SE and BB sequences, 3D or 2D, are more 
sensitive for gadolinium enhancement with the BB sequence 
being the most sensitive. 

Intracranial extraaxial CN lesions like nerve sheath 
tumours and neuritis can involve the CN itself, or these CNs 
can be compressed/displaced by skull base, meningeal or 
vascular lesions as well as even normal vascular structures. 
The resulting CN symptoms and the patient’s history are 
helpful to localize and determine size of lesions. In the event 
of negative imaging studies, CSF sampling via lumbar punc- 
ture is needed to further evaluate these patients. CT can be 
used in the emergency setting to exclude intracranial hyper- 
tension prior to lumbar puncture and can also be used to 
exclude bone metastases. However, in most cases MR is 
needed to further characterize CN lesions [2, 8, 21, 22]. 
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12.4.2.1 Tumours/Cysts/Cyst-Like Lesions 

Nerve Sheath Tumours 

Schwannomas are the most frequent CN tumours and 
develop from the Schwann sheath of these nerves. 
Schwannomas of CN I and II do not exist as they are exten- 
sions of the brain, thus do not possess Schwann cells. 
However, the nerve fibres that connect the olfactory bulb 
with the olfactory mucosa in the upper nasal meatus have 
Schwann cells along their course below the cribriform plate. 
Schwannomas developing at this site are called “olfactory 
schwannomas”, but they do not develop from CN I itself. 
Schwannomas can occur on all other cranial nerves and are 
most frequent on the vestibular branches of CN VIII and CN 
V. They are rare on the pure motor CNs IV, VI, XI (Fig. 12.3a). 
Schwannomas can be found in isolation or can involve mul- 
tiple CNs. In the latter case, this is often in the context of 
Neurofibromatosis type 2 or schwannomatosis. The genes 
associated with these disorders are located on chromosome 
22 but in schwannomatosis, there is incomplete penetrance 
with lower risk of its transmission to the offspring. 
Furthermore, these patients with schwannomatosis do not 
typically develop vestibular schwannomas [23]. 
Schwannomas are sharply delineated and have a homoge- 
neous enhancement on contrast-enhanced T1 WI. However, 
cystic degeneration and haemorrhage can occur when they 
become larger. The haemorrhages are best recognized on 
T2* images or SWI. The most frequent location of schwan- 
nomas is on the vestibular nerves, at the site of the ganglion 
of Scarpa. This ganglion can routinely be seen as a nodular 
thickening on the superior vestibular nerve on high-resolution 
T2WI at 3T MRI. However, it is impossible to tell whether a 
normal ganglion or a schwannoma is causing this nodular 
thickening and hence the use of gadolinium is crucial to 
exclude an early schwannoma at this site. Sometimes it is 
difficult to recognize in which direction CN VII is displaced 
by the cochleovestibular schwannoma and in these cases, CN 
tractography can provide this crucial information to the sur- 
geon (Fig. 12.3b). 

Neurofibromas are less frequent encapsulated nerve 
sheath tumours. The major difference on imaging is that 
instead of a rounded morphology, they typically appear elon- 
gated in appearance, following the course of the nerves, and 
show no or only weak gadolinium enhancement. These nerve 
sheath tumours must be distinguished from other tumours. 
When solitary they must be differentiated from neuromas, 
which develop on the CNs secondary to a trauma or insult, 
and haemangiomas [21, 22, 24]. 

The most frequent causes of bilateral enhancement of 
multiple CNs are metastasis, lymphoma, and leukaemia. 
Unfortunately, they have overlapping imaging characteris- 
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Fig. 12.3 Intracranial extraaxial CN lesions: (a) Heavily T2W DRIVE 
image showing a schwannoma in the ambient cistern on the course of 
the IVth nerve (arrow) in a patient with left superior oblique muscle 
palsy. (b) High-angular resolution DWI tractography confirming ante- 
rior displacement of the facial nerve (arrows) by a cochleovestibular 
schwannoma. (c) Left temporal glioblastoma, with perineural tumour 
spread along the optic chiasm (white arrow) and intracranial optic 
nerves (black arrows). In the past, perineural extension was not typi- 
cally seen in the context of glioblastoma as survival was very short, 
however, is now increasingly depicted as novel therapies result in lon- 
ger survival. (d) Axial contrast-enhanced T1W showing a recurrent sar- 
coid carcinomatous tumour of the left maxillary sinus with extension 
along the maxillary nerve in the parasellar region and into the brainstem 
(white arrowheads), also involving the cisternal segment of the trigemi- 
nal nerve (grey arrowhead) in a patient presenting with left CN V neu- 
ropathy and acute right hemiparesis. (e) Coronal T2 weighted DRIVE 


tics and thus, the clinical history, CSF sampling, biochemis- 
try, further whole-body imaging and pathology are typically 
needed to narrow the diagnosis. Also, metastases from pri- 
mary brain neoplasms like glioblastoma (Fig. 12.3c), medul- 
loblastoma, ependymoma, and germinoma can be found on 
the CNs and finally perineural spread of head and neck 
tumours can reach the cisternal segment of the cranial nerves 
and can eventually reach the brainstem (Fig. 12.3d). 


Meningiomas 

Meningiomas are common tumours, can be isolated or mul- 
tiple, and can displace and even follow CNs. They are isoin- 
tense with grey matter on all MRI sequences and enhance 
homogeneously, and classically often have a dural tail 
enhancement. Olfactory groove meningiomas can cause 
olfactory symptoms like anosmia. Meningiomas of the pla- 
num sphenoidale frequently reach the optic nerves and can 
even follow these nerves in the optical canal and orbit, with 
visual impairment and potential eventual blindness as a 
result. Therefore, early diagnosis and treatment of meningio- 
mas at this location is crucial. At the level of the internal 


images showing lower signal intensity inside an epidermoid tumour in 
the left cerebellopontine angle compared with CSF. The patient pre- 
sented with trigeminal neuropathy with the cisternal segment of the left 
trigeminal nerve laterally displaced and flattened (black arrow) com- 
pared to the normal contralateral nerve (white arrow). (f) Axial contrast- 
enhanced TIW in a patient presenting with multiple bilateral CN 
deficits. Enhancement of the lower cranial nerves on the right side 
(arrowhead) and multiple other CNs (not shown) was seen and were 
associated with leptomeningeal enhancement around the brainstem 
(arrows), pathognomonic for sarcoidosis. (g) Patient presenting with 
diplopia and ptosis following a trauma. Coronal contrast-enhanced 
T1W shows enhancement of the cisternal segment of the right oculomo- 
tor nerve 1 month after the trauma, representing post-traumatic 
enhancement caused by contusion and/or elongation of the nerve. 
(Courtesy Dr. D. Vanneste, Hospital Geel-Mol, Belgium) 


auditory canal (IAC) and cerebellopontine angle (CPA), 
meningioma is the most common differential diagnosis for 
schwannoma. CT can help in the differential diagnosis by 
demonstrating the presence of calcifications and hyperosto- 
sis of the adjacent bone and even pneumosinus dilatans of 
the adjacent sinuses in the context of meningiomas, while 
schwannomas typically displace adjacent bone. On MRI, 
meningiomas can be distinguished from nerve sheath 
tumours due to broad base contact with the meninges, a 
course along the walls of the IAC rather than the nerves in 
the centre, and often a lateral border in the IAC running per- 
pendicular to the VIIIth nerve, while schwannomas follow 
the course of the nerve. Petro clival meningiomas and poste- 
rior fossa meningiomas can also cause trigeminal and lower 
cranial nerve symptoms, and these meningiomas can also 
follow CN V; and CNs IX, X, XI outside the skull although 
this occurs less frequent than for CN II. 


Other Tumours, Cysts/Cyst-Like Lesions 
Epidermoid cysts are well-defined lesions with inclusion of 
ectodermal epithelial elements, they can be thought of as 
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“skin in the wrong place”. They are often an incidental find- 
ing but can cause CN symptoms when they become large. 
They are isodense with CSF on CT and isointense with CSF 
on most MR sequences and do not enhance. However, they 
have a typical hyperintensity on b-1000 DWI images and 
show diffusion restriction on the apparent diffusion coeffi- 
cient (ADC) map. Submillimetric heavily T2W 3D gradient- 
echo images (e.g. balanced-FFE) are ideally suited to make 
the diagnosis and evaluate the exact extension of the lesions. 
On these images, the epidermoid has a low signal intensity 
and can easily be distinguished from CSF (Fig. 12.3e), which 
is not the case on heavily T2W TSE images. Treatment con- 
sists of surgical decompression. 

Subarachnoid CSF encapsulation or cyst formation can 
also cause displacement of or compression on CNs. They are 
isointense to CSF on all sequences, including DWI and 3D 
T2W GE sequences. On heavily T2W 3D sequences, the 
typically thin wall of the cyst can be demonstrated, confirm- 
ing the diagnosis, and resolving the cyst dimensions. Surgical 
cyst fenestration is performed in cases of causative CN or 
other neurological symptoms. 

Pituitary adenomas and craniopharyngiomas can com- 
press the optic chiasm and cause bitemporal hemianopsia. 
Rathke cleft cysts are most often an incidental finding but 
may rarely cause vision loss. 

Pineal tumours and cysts can cause compression on the 
dorsal midbrain with a Parinaud syndrome as consequence. 
The syndrome consists of upgaze palsy, convergence retrac- 
tion nystagmus, and pupillary hyporeflexia. 

Dermoid cysts, lipomas, and neurenteric cysts less fre- 
quently cause CN disorders, but surgical decompression or 
partial resection can be considered for symptom 
management. 


12.4.2.2 Vascular Diseases 

The cisternal segment of the CNs pass through the CSF 
spaces around the brainstem, where they are in the close 
vicinity of the posterior circulation vessels, with a potential 
nerve—vessel conflict (NVC) as a result. 


Neurovascular Compression Syndromes 

Arteries and veins can directly compress and displace the 
cisternal segment of the CNs, resulting in a neurovascular 
compression syndrome (NVCS). Arteries elongate and 
become more tortuous as patients get older and this can 
increase compression. The relation between the anatomical 
NVC and the resulting NVCS is most reliable for conflicts 
with CN V—resulting in trigeminal neuralgia, CN VU— 
causing hemifacial spasm, CN VI[I—provoking vestibular 
paroxysmia, and CN [x—generating glossopharyngeal neu- 
ralgia. Indeed, only a minority of neurovascular contacts are 
symptomatic and therefore the relationship with patients’ 
symptoms remains controversial. The challenge is to recog- 


J. W. Casselman et al. 


nize which NVC could be symptomatic and in this context, 
four characteristics of the NVC should be considered. First, 
the NVC should be at the short 1-2 mm long vulnerable tran- 
sition zone between the central myelin that originates from 
oligodendrocytes and covers the proximal intracisternal por- 
tion of the CN and the more distal peripheral myelin from 
Schwann cells. These transition zones are located 4 mm, 
2 mm, 10 mm, and less than 2 mm distal to the location 
where CN V, CN VII, CN VIII, and CN IX leave the brain- 
stem, respectively [25]. Second, venous conflicts exist but 
arterial conflicts result more frequently in a NVCS. Third, 
conflicting arteries crossing the CNs in a perpendicular fash- 
ion are more prone to provoke a NVCS. Fourth, displace- 
ment of the involved CN is probably the most important 
predictor of a clinically significant NVC. 

MR is the method of choice to demonstrate these conflicts 
and unenhanced 3D TOF MRA images can visualize the 
arteries, heavily T2W TSE or GE images can demonstrate 
the nerves and post-contrast submillimetric 3D TIWI are 
able to depict the veins. Hence, all involved anatomical 
structures are visualized and fusion software with selective 
colour coding for each anatomical structure makes the diag- 
nosis easier, especially after decompression surgery when a 
recurrent NVCS is suspected and the position of the inter- 
posed surgical material (e.g. Teflon) must be assessed. 


Aneurysm and Arterial Dissection 

In patients presenting with painful unilateral CNs, aneurysm 
and arterial dissection should be considered. Aneurysms on 
the medial wall of the internal carotid siphon, on the poste- 
rior communicating artery and proximal part of the posterior 
cerebral artery can push on the superior to superomedial bor- 
der of the oculomotor nerve (CN III), resulting in complete 
intrinsic and extrinsic oculomotor nerve palsy. Pupillary 
function loss is seen in 14% of these patients and is explained 
by compression on the preganglionic parasympathetic pupil- 
lomotor fibres to the ciliary ganglion which are located on 
the superior medial surface of CN III. However, CN III palsy 
is in most cases limited to extrinsic oculomotor function 
which is caused by ischaemia of the central motor fibres. 
This is also the mechanism leading to diabetic ophthalmopa- 
resis, counting for 25% of all ocular motor nerve palsies. 
Imaging remains negative in these cases and should therefore 
be judicious when the clinical context is obvious [26]. 

CTA and MRA are both able to visualize aneurysms and 
arterial dissections and FS T1W TSE images can also detect 
the high signal intensity of methaemoglobin in the wall of 
the artery in case of dissection. Black blood images with and 
without gadolinium are also very sensitive. 


12.4.2.3 Infectious Diseases 
Viral neuritis with enhancement of the cisternal segment of 
the CNs is most frequently seen along the cisternal segment 
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of CN I, III, V, VI and is best depicted on contrast-enhanced 
coronal high-resolution T1 WI. The enhancement of the cis- 
ternal segment of CN VII in case of Bell’s palsy is limited to 
the fundus of the IAC and is best seen on axial post-contrast 
TIWI. Additionally, in these patients the CSF around the 
facial nerve at the fundus of the IAC disappears, and this area 
becomes hypointense and blunted. However, the most impor- 
tant enhancement can be seen inside the facial nerve canal, 
and this will be discussed in Sect. 12.4.3 on the “skull base” 
segment/course of the CNs. 

The main differential diagnosis is varicella zoster virus 
infection affecting the sensory fibres of both the cochleoves- 
tibular nerve and facial nerve causing sensorineural hearing 
loss and facial palsy. This is accompanied clinically by an 
external vesicular rash with burning ear pain, fever, vertigo, 
and nausea and is called “Ramsey Hunt syndrome”. The role 
of MR is to demonstrate CN VII and CN VIII enhancement 
in the fundus of the IAC to confirm the diagnosis, especially 
when the CN symptoms precede the other clinical symp- 
toms, and the diagnosis is still uncertain. 

As already mentioned, neurotropic viruses like herpes 
zoster and corona virus (COVID-19) can follow the cisternal 
segment of the CNs into the brainstem and even brainstem 
nuclei. 

CN disorders may be the first signs of underlying menin- 
geal disease. Often multiple CNs are involved on both sides, 
but it can also be an isolated nerve, for example, non-specific 
abducens palsy (CN VI). The meningeal enhancement is dif- 
ficult to detect on 3D T1WI as all meninges show enhance- 
ment even in normal patients and is even more difficult to see 
on post-contrast CT. 3D FLAIR is more sensitive but today 
post-contrast 3D BB imaging is the sequence of choice. In 
normal patients, no meningeal enhancement is seen on these 
images, making it easy to identify abnormal meningeal 
enhancement in the case of meningitis. In leptomeningitis, 
the leptomeninges, on the surface of the brain and the brain- 
stem, are thickened and enhancing. In pachymeningitis, the 
thickened enhancing meninges are contiguous to the skull. 
Pyogenes and tuberculous meningitis are two common 
causes of the brainstem and skull base leptomeningitis. 


12.4.2.4 Non-infectious Inflammatory Diseases 

Neurosarcoidosis is the most common cause of non- 
infectious leptomeningitis leading to CN disorders. All CNs 
can be involved but the most frequent affected nerve is the 
facial nerve, which can even be involved bilaterally. As men- 
tioned, leptomeningeal enhancement is best detected on 
post-contrast 3D FLAIR and 3D BB images (Fig. 12.3f). 
Additionally, diabetes insipidus also causes thickening of the 
pituitary stalk and disappearance of the high signal intensity 
spot in the neurohypophysis. Non-infectious leptomeningitis 
can also be seen in Granulomatosis with Polyangiitis (PGA), 
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formerly Wegener’s disease, and in Langerhans cell and non- 
Langerhans cell histiocytosis. 


12.4.2.5 Trauma 

The most frequently involved CN in trauma is CN I. Anosmia 
can occur after a frontal or occipital trauma or acceleration- 
deceleration trauma with contusion of the olfactory bulbs, 
best seen on coronal T2W TSE images, and olfactory fibre 
shearing at the level of the cribriform plate. Acceleration- 
deceleration trauma can also result in a fracture of a CN. The 
CNs with the longest cisternal segment, for example, CN IV, 
and those with a vulnerable anatomical location, for exam- 
ple, CN VI with a long course between pons and clivus, are 
most prone to injury. A fracture of the cisternal segment of a 
CN can be seen on submillimetric heavily T2W TSE images 
and sequelae of elongation of the CNs can sometimes be 
seen in the acute and subacute phase as CN enhancement on 
the coronal and/or axial contrast-enhanced TIWI 
(Fig. 12.3g). Further post-traumatic oedema of the brain can 
result in brain herniation and secondary CN disorders. CN 
HI and CN IV can be involved in cases of transtentorial her- 
niation of the internal temporal gyrus. The lower CNs IX-XI 
and CN XII can be involved in case of herniation of the cer- 
ebellar tonsils through the foramen magnum. 

Repetitive trauma with bleeding can also result in menin- 
geal superficial siderosis. This haemosiderin deposition 
occurs also on the CNs and can result in degeneration and 
disorders of the involved CN. CN VIII is most frequently 
involved with resulting sensorineural hearing loss. The hae- 
mosiderin deposit can be seen as a hypointense rim around 
the CN on T2* images or SWI and atrophy can be visualized 
on submillimetric heavily T2WI (e.g. DRIVE, b-FFE). 
Similar siderosis can also be caused by haemorrhagic sur- 
gery, subarachnoid haemorrhage, slow growing tumours and 
in cerebral amyloid angiopathy. 


12.4.3 Skull Base Cranial Nerve Lesions 


The CNs must pass through the skull base once they leave 
the intracranial CSF spaces. They can achieve this by run- 
ning through foramina, fissures and canals, routes which are 
also used by traversing arteries and veins. In the parasellar 
region, CNs even first course through a venous space, the 
cavernous sinus, before traversing the skull base. These 
foramina, fissures and canals can be visualized on CT but the 
nerves, except for the olfactory bulb and optic nerve, cannot 
be visualized. Widening of the foramina, canals, and fissures 
or bone destruction are an indirect sign of CN involvement or 
pathology. MR is better suited to visualize the cranial nerves 
themselves in the foramina, fissures, and canals. They are 
visible on unenhanced T1WI with surrounding fat or fatty 
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marrow in bone. However, many of the nerves and especially 
those running in the cavernous sinus, can only be depicted as 
dark spots surrounded by hyperintense enhancing veins on 
contrast-enhanced T1W images. Therefore, high-resolution 
imaging is critical to visualize many of these small CNs or 
CN branches. Contrast-enhanced 3D BB images are very 
sensitive for the detection of CN nerve enhancement in 
foramina, fissures, and nerve canals. Alternatively contrast- 
enhanced 3D T1WI (e.g. thrive, vibe, SPGR) with fat sup- 
pression can be used. 

Lesions involving the optic canal, facial nerve canal, and 
hypoglossal canal will result in isolated disorders of CN IL, 
CN VII, and CN XII. However, pathology at the level of the 
superior orbital fissure and cavernous sinus can affect mul- 
tiple CNs (CNII, IV, V, and VI), and the same is true for 
jugular foramen lesions that result in combined CN IX, X, 
and XI disorders. 

Most of the causes that affect the intracranial extraaxial 
CN segments can also affect the skull base segments. To 
avoid repetition, the focus in this chapter will be on pathol- 
ogy specific to the skull base and the CNs at this site. 


12.4.3.1 Trauma 

CNs are very vulnerable for trauma in their course through 
the skull base. Sharp fracture edges, loose bone fragments, 
and bullet fragments in case of a gunshot trauma can damage 
the nerves inside their foramen, fissure, or canal. CN II inside 
the optic canal is most frequently involved followed by CN 
VII in the facial nerve canal, CN XII in the hypoglossal 
canal, and the lower cranial nerves at the level of the jugular 
foramen. CT with bone window setting is employed to detect 
fractures and demonstrate potential nerve conflicts, but only 
MR can confirm injury to the nerves themselves. 

Acute and subacute contusion of the optic nerve can result 
in high signal intensity of the nerve on STIR or 3D FLAIR 
images and can show contrast enhancement on 3D BB 
images, while contrast-enhanced 3D T1WI is less sensitive. 
The smaller the calibre of the CNs, the more difficult it will 
become to see these relevant signal changes. 

The tympanic segment and geniculate ganglion fossa are 
the most frequently fractured parts of the facial nerve canal. 
However, the nerve can also be contused without associated 
fracture, and this will cause swelling of the nerve. When this 
occurs in the labyrinthine segment of the facial nerve, where 
the nerve occupies 95% of the space inside the canal, nerve 
ischaemia, and necrosis can occur as the swollen nerve can 
completely occlude feeding vessels at this site. This can be 
detected as enhancement of the labyrinthine segment on 3D 
BB or 2D/3D TIWI in the acute and subacute phase. 
Depending on the severity and evolution of the facial nerve 
palsy as well as experience of the surgeon, nerve decompres- 
sion at the labyrinthine segment can be considered a safe and 
effective management approach. 
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12.4.3.2 Neuritis 

Peripheral facial nerve palsy or Bell’s palsy, caused by the 
herpes simplex virus, is one of the most frequent reasons to 
perform CN imaging. In most cases, the palsy spontaneously 
disappears in less than 2 months. Imaging is requested when 
the Bell’s palsy persists, recurs or in cases of atypical clinical 
presentation. Imaging can confirm the diagnosis when gado- 
linitum enhancement is seen along the facial nerve at the fun- 
dus of the IAC or along the labyrinthine segment on thin 
post-contrast T1 WI and 3D-FLAIR images. Enhancement at 
these locations is always abnormal. Enhancement of the 
geniculate ganglion, tympanic and mastoid segment of the 
facial nerve are unreliable as these nerve segments are sur- 
rounded by veins and arteries which of course also enhance 
in normal circumstances. This can be solved by using 
contrast-enhanced submillimetric 3D BB sequence as flow 
and enhancement inside the vessels are suppressed on these 
images, showing selectively the nerve enhancement in the 
geniculate ganglion, tympanic and mastoid nerve segments 
as well (Fig. 12.4a—-c). Comparison with the contralateral 
nerve facilitates the diagnosis [5, 27, 28]. Neuritis with nod- 
ular enhancement in the geniculate ganglion must be differ- 
entiated from a facial nerve schwannoma and haemangioma. 
On CT, schwannomas enlarge the geniculate fossa while in 
haemangiomas, honeycomb calcifications are seen in the 
centre of the fossa. In cases of neuritis, the geniculate fossa 
retains its normal anatomical shape without any central 
calcifications. 

Neuritis of CNs III, IV, VI, and V, in the cavernous sinus 
are best seen on contrast-enhanced high-resolution coronal 
submillimetric T1WI. The in-plane resolution of these 2D 
images must be very high to identify these small nerves in 
the parasellar area. In this context, the slice thickness must 
be at least under 3 mm, without gap between the slices. 
Optimal visualization of these nerves and their enhancement, 
in cases of neuritis, is more confidently identified once the 
slice thickness is lower than 2.5 mm. 


12.4.3.3 Skull Base Infections and Tumours 
Unilateral involvement of several CNs is suggestive of skull 
base disease. CT and contrast-enhanced MR together with 
the clinical history and laboratory data are used to obtain the 
correct diagnosis. In case of osteomyelitis, the infectious 
cause must be sought in the paranasal sinuses, middle ear 
and/or mastoids with different CNs affected, depending on 
where the infection is located. Cranial nerve VI runs in 
Dorello’s canal passing through the venous basilar plexus 
behind the clivus. Aggressive fungal infections originating in 
the sphenoid sinus can destroy the posterior wall of the sinus 
and enter this plexus, thus provoking a unilateral abducens 
palsy. In this case, CN VI will enhance and no longer be vis- 
ible as a black dot inside the enhancing basilar plexus on 
axial high-resolution post-contrast T1 WI. 
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Fig. 12.4 Skull base CN lesions: (a—c) Patient presenting with right 
Bell’s palsy assessed with contrast-enhanced 3D BB images. (a) 
Abnormal nerve enhancement can be seen at the fundus of the internal 
auditory canal, labyrinthine segment, and geniculate ganglion (white 
arrows). The normal tympanic segment of the left facial nerve is not 
enhancing and no vascular enhancement is seen on this axial BB image 
(grey arrow). (b) At a slightly lower level, the enhancing tympanic seg- 
ment of the right CN VII is seen while the normal posterior part of the 
tympanic segment on the left side is not enhancing (arrows). (c) 
Reconstruction of the enhancing abnormal labyrinthine (white arrow- 
head), tympanic (grey arrowhead), and mastoid (black arrowhead) seg- 
ment of the right facial nerve. (d, e) Chondrosarcoma of the 


Skull base tumours can displace, compress, or encase 
CNs with fibrous dysplasia, chordoma, chondrosarcoma 
(Fig. ), and metastasis as the most frequent etiolo- 
gies. A combination of T2W, unenhanced and contrast- 
enhanced TIW and DWI sequences help in the 
characterization of these lesions. Detailed anatomical delin- 
eation of the tumour is best obtained on contrast-enhanced 
3D images and 3D T1W BB images, reconstructed in the 
axial, coronal, and sagittal planes. 

Meningiomas can follow the CNs in their course 
through the skull base. They most frequently follow CN 
II, CN V3, and CN IX-XII. Most of these meningiomas 
originate in the posterior fossa and then follow the nerves 
more peripherally. Rarely, these neoplasms develop in the 
jugular foramen itself and additionally, are then difficult 
to distinguish from other calcified tumours like chondro- 
sarcomas. The isointensity with grey matter, homoge- 
neous enhancement, intact cortex of the jugular foramen 
walls, and dural tail enhancement all aid to facilitate the 
correct diagnosis. 


petro-occipital fissure in a patient presenting with vertigo and lower 
cranial nerve deficits on the right side. Coronal (d) and axial (e) 
contrast-enhanced 3D BB images showing the enhancing mass with 
extension in the internal auditory canal (black arrows) and in the jugular 
foramen (white arrows). (f, g) Patient presenting with suspected Tolosa- 
Hunt syndrome but eventually diagnosed having IgG4 disease. Pre- 
therapy (f) and post-therapy (g) contrast-enhanced coronal high 
resolution TIW images. At presentation, the cavernous sinus was thick- 
ened and nerves V, and V, could no longer be distinguished (black 
arrowhead). Complete recovery after 4 weeks of steroid treatment with 
reappearance of the ophthalmic nerve (white arrowhead) and maxillary 
nerve (grey arrowhead) 


Nonetheless, the most frequent lesions found in the jugu- 
lar foramen are schwannomas of the lower CNs and 
paragangliomas with both presenting with dysfunction of the 
lower CNs [29]. Distinguishing between these on CT relies 
on the fact that schwannomas enlarge the foramen with intact 
cortical walls, while paragangliomas permeate into the bone 
and result in a moth-eaten appearance. Unenhanced MRA 
will show the feeding vessels inside the paragangliomas as 
high signal intensity spots, and these are absent in case of a 
schwannoma. Furthermore, a salt (hyperintensities on T1) 
and pepper (hypointensities on T2) appearance is character- 
istic for a paraganglioma. 

Metastases can be found anywhere in the skull base and 
can cause CN dysfunction. A common location is the hypo- 
glossal canal and the most frequent diagnosis in case of an 
isolated hypoglossal nerve palsy is a skull base metastasis. 


12.4.3.4 Cavernous Sinus 
Cranial nerves III, IV, and V, are located in the wall of the 
cavernous sinus and CN VI is located deeper inside the cav- 
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ernous sinus. Hence enhancing schwannomas and neuritis of 
these nerves can be found in the cavernous sinus. In this ana- 
tomical region, schwannomas most frequently involve the 
trigeminal nerve. Schwannomas in Meckel’s cave can 
become quite large and will then also extend towards the 
posterior fossa, giving them a classic dumbbell appearance. 
Schwannomas on the maxillary and mandibular nerves will 
eventually enlarge the round and oval foramen, respectively. 
Perineural tumour spread along the CNs and metastases in 
the cavernous sinus are important differential diagnoses 
when enhancing lesions or nerves are identified in this 
location. 

Aneurysms of the parasellar ICA can also be responsible 
for palsies of CNs II, IV, V,, and VI. However, due to its 
location deep in the cavernous sinus, the abducens nerve is 
often the first to be affected by these aneurysms. The same is 
true for pituitary adenomas and craniopharyngiomas that 
extend in the parasellar region. Although the overall most 
frequently involved CN inside the cavernous sinus, regard- 
less of the cause, is CN III followed by CN VI. 

Idiopathic non-neoplastic non-infectious granulomatous 
inflammation of the cavernous sinus and orbital apex is 
called “Tolosa-Hunt Syndrome”. The patients present with 
periorbital and frontal pain and CNs II, II, IV, V,, and VI, 
can be involved. Several days of headache are followed by 
diplopia and ptosis, almost always unilateral. On contrast- 
enhanced coronal T1WI, strong enhancement of all struc- 
tures inside the cavernous sinus including all CNs, and lateral 
bulging of the enlarged cavernous sinus, can be seen. The 
headache disappears typically over the course of days and 
the ophthalmoplegia within 2 weeks following corticosteroid 
treatment. Follow-up MR at 6 months will demonstrate a 
complete normalization of the cavernous sinus, confirming 
the diagnosis [30]. 

IgG4 is a rare autoimmune disease which can also involve 
the cavernous sinus and its cranial nerves in a similar way as 
Tolosa-Hunt syndrome (Fig. 12.4f, g). The combination with 
bilateral lacrimal gland, CN and especially infraorbital 
nerve, pituitary infundibulum, and salivary gland involve- 
ment leads to a preferred diagnosis of IgG4 [31]. 


12.4.4 Extracranial Cranial Nerve Lesions 


Primary extracranial CN diseases are rare and most of the 
extracranial CN disorders are caused by lesions of the sur- 
rounding structures that may insult the nerves. Most often, 
the symptoms are unilateral. 

CN I dysfunction caused by ethmoidal and nasal lesions 
will result in anosmia. 

Orbital diseases can cause partial or complete monocular 
visual loss when the optic nerve (CN I) is involved. CN M, 
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IV, and VI dysfunctions will lead to diplopia. Miosis and 
mydriasis occur when the inferior branch of CN III and its 
side branch with the ciliary ganglion are affected at the 
orbital apex. 

Facial lesions can result in CN V neuropathy with unilat- 
eral hypoesthesia, numbness, or burning pain when extracra- 
nial branches of the trigeminal nerve are involved. These 
symptoms can be restricted to the territory of one branch, V4, 
V3, or V3, depending on the location of the lesions. Numbness, 
motor weakness, and progressive CN V symptoms are the 
most reliable clinical signs of a trigeminal lesion and fre- 
quently correlate with positive imaging findings; however, 
the more frequent non-specific facial pain usually does not 
have a culprit-associated lesion. 

Isolated peripheral CN VII dysfunction, with intact lacri- 
mal function and stapes reflex and taste in the anterior 2/3 of 
the tongue, may be provoked by parotid and peri mastoid 
lesions. 

At the suprahyoid level, CNs IX-X course next to each 
other and are often injured together. Patients can then present 
with dysphagia, uvula deviation, absent gag reflex, hoarse- 
ness, vocal cord palsy, loss of taste to the posterior 1/3 of the 
tongue, otalgia, and tachy- or bradycardia. Inability to raise 
the arm and a shoulder drop indicate a CN XI palsy. Deviation 
of the tongue to the side of the lesion and tongue muscle 
atrophy are the signs of a CN XII palsy. 

Only CN X continues at the infrahyoid level, and when 
injured at this level, endolaryngeal symptoms (hoarseness, 
vocal cord palsy, and taste loss in posterior 1/3 of the tongue) 
is found. 

Muscle atrophy or dystrophy are helpful signs on imaging 
to confirm injury to motor CNs and should always be verified 
[32]: 

The method of choice to study extracranial nerves is 
MRI. For many years, high-resolution T2W, unenhanced 
T1W and fat-saturated Gd-enhanced TIW images were the 
primary sequences to visualize the extracranial nerves and to 
characterize associated lesions. Later, diffusion and perfu- 
sion MRI further advanced characterization of these lesions. 
However, many of the nerve branches and associated pathol- 
ogy remained below the limits of resolution. In recent years, 
MRN was optimized for CN imaging and slightly different 
techniques are used for MR systems of different vendors 
[14-17, 33]. This technique was described above in Sect. 
12.3.2. In the infrahyoid neck, only part of the vagus nerve 
can be visualized with this technique. Yet CN X continues 
into the thorax and lesions along the course of the recurrent 
laryngeal branches, down to the clavicle on the right and 
down to the aorta-pulmonary window on the left. At this 
level, CT is the modality of choice as the neck and thorax can 
be studied together in a fast single scan with better visualiza- 
tion at the thoracic level in comparison with MR. 
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It is beyond the current scope to cover all extracranial 
pathology that can cause CN dysfunction, only the most fre- 
quent and important causes are highlighted. 


12.4.4.1 Vascular Lesions 

In the orbit, CN II dysfunction can be caused by cavernous 
haemangiomas and venous varices. Cavernous haemangio- 
mas are round to ovoid sharply delineated homogeneous 
enhancing lesions that can compress the optic nerve. Venous 
varices can enhance, demonstrate flow voids as well as 
increase in size with prone positioning. 

Cranial nerve IX-XII dysfunction can be caused by ICA 
dissection or aneurysm resulting in compression of the cra- 
nial nerves inside the carotid space. Damage of the lower 
CNs can also be iatrogenic during endarterectomy. 

Finally, aortic arch aneurysms can narrow the aortic- 
pulmonic window with compression on the recurrent laryn- 
geal nerve resulting in left vocal cord palsy [33]. 


12.4.4.2 Infectious Diseases 

Aggressive bacterial and fungal infections of the sinuses and 
temporal bone can lead to extracranial CN involvement. 
Fungal infections can be recognized by their low signal 
intensity on T2WI while abscess formation in aggressive 
bacterial infections shows diffusion restriction on 
DWI. Aspergillus and especially mucormycosis can destroy 
the sinus walls thereby directly affecting the adjacent cranial 
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nerves. Vulnerable locations are the frontal sinus (for CN 
V,), ethmoid and sphenoid sinus (CN II, II, IV, Vi, V2, VI in 
the orbital apex and superior orbital fissure), and temporal 
bone (CN VII). MRI can visualize the thickened and enhanc- 
ing cranial nerves while both CT and MRI can demonstrate 
late-stage infection surrounding and eventually encasing 
involved CNs. 

Dental periapical and periodontal disease of the upper and 
lower jaw can result in V, and V, neuropathy, respectively. 
The resulting CN changes, oedema-demyelination- Wallerian 
degeneration, can only be visualized with new MRN tech- 
niques like 3D-CRANI and optimized 3D-FISP sequence. 
On these post-contrast images, the nerves are thickened, 
irregular, and have a high signal intensity compared to the 
normal contralateral nerves [15—17, 33]. These neuropathies 
could not be confirmed or visualized before the advent of 
these new MRN techniques and thus facilitates timely use of 
appropriate therapies (Fig. 12.5a). 

Malignant otitis externa, a pseudomonas aeruginosa 
infection affecting immunocompromised or diabetic patients, 
can lead to CN VII dysfunction. 

Osteomyelitis (Fig. 12.5a) and osteoradionecrosis can 
cause dysfunction of the lower CNs IX-XII at the level of the 
skull base and can irritate the inferior alveolar nerve, with 
resulting pain and numbness, at the level of the mandible. 
Both pathologies cause loss of the high signal intensity of the 
bone marrow on unenhanced T1WI and show bone marrow 


Fig. 12.5 Extracranial CN lesions: (a) Coronal contrast-enhanced 3D 
CRANI sequence with paracoronal MIP reconstruction in a patient pre- 
senting with numbness of the left chin and dysesthesia in the left infe- 
rior alveolar nerve territory following osteomyelitis of the left mandible. 
The left inferior alveolar nerve is thickened, irregular and hyperintense 
(arrow), compatible with neuropathy. (b, c) Contrast-enhanced 3D 
CRANI with coronal MIP reconstruction (b) and 3D MIP reconstruc- 
tion with lateral view (c) in a patient with right Bell’s palsy. The hyper- 
intense and thickened nerve branching inside the right parotid gland can 


be seen (black arrow) and even the peripheral hyperintense zygomatic 
branch (grey arrowhead), buccal branches (black arrowheads), man- 
dibular branch (white arrowhead) and cervical branch (grey arrow) can 
be followed. (d, e) Axial (d) and paracoronal (e) contrast-enhanced 3D 
BB images of a left optic nerve meningioma. The tram track sign can be 
followed in detail from intracranial to the distal part of the left optic 
nerve. The coronal reconstruction shows that the meningioma sur- 
rounds the optic nerve over 270° (arrows) 
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enhancement on the post-contrast T1 WI. CT is best suited to 
distinguish both entities and can demonstrate the characteris- 
tic bone sequestration, lytic defects in the cortical bone and 
periosteal new bone formation in case of osteomyelitis. The 
resulting CN changes are in most cases only recognizable on 
MRN images. 

Viral neuritis of extracranial CNs or of their branches was 
not resolvable on MR even a couple of years ago. Today, the 
new MRN sequences allow the visualization of the inflamed 
distal CN branches of the facial and trigeminal nerve 
(Fig. 12.5b, c). 


12.4.4.3 Non-infectious Inflammatory Diseases 


Demyelinating Diseases 

Spontaneous vision loss in young and middle-aged adults is 
often due to optic neuritis, frequently in the context of mul- 
tiple sclerosis (MS) and neuromyelitis optica spectrum dis- 
orders (NMOSD) with anti-AQP4 or anti-MOG antibodies. 
The optic nerve lesions are best identified on 3D FLAIR and 
T2 STIR images. In most cases, post-contrast TIWI are neg- 
ative and when contrast is used the more sensitive 3D BB 
sequence should be used. MR imaging of the brain and spine 
can be used to confirm the diagnosis of MS and to distin- 
guish the demyelinating disease subtypes [19]: 


MS 

(a) Unilateral optic neuritis, short segment involving the 
middle portion of the nerve. 

(b) Scattered demyelinating lesions in the brain. 

(c) Lesions in the upper half of the spinal cord, lesions are 
shorter than two vertebral levels and involve less than 
50% of the cord diameter. 


Anti-AQP4+ 

(a) Bilateral optic neuritis, long segment involving the pos- 
terior portion of the nerves with chiasmatic extension. 

(b) Predominantly periventricular demyelinating lesions. 

(c) Lesions in the upper half of the spinal cord, extending 
over more than three vertebral levels and more than 50% 
of the cord diameter. 


Anti-MOG+ 

(a) Bilateral optic neuritis, long segment involving the ante- 
rior portion of the nerves. 

(b) Brain lesions more frequently found in the basal ganglia, 
thalamus, and pons. 

(c) Lesions located in the lower half of the spinal cord, 
extending over more than three vertebral levels and more 
than 50% of the cord diameter. 


Vision loss with optic nerve signal changes on MR can 
also be seen in case of inflammatory neuritis or ischaemia. 
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The above-mentioned associated brain and spinal cord 
changes can help to distinguish these etiologies from demy- 
elinating disease. The clinical history, biochemical data and 
follow-up are needed to distinguish the three entities when 
the brain and spine imaging are normal. 


Granulomatous Diseases 
In sarcoidosis, an inflammatory granulomatosis, optic nerve 
involvement occurs in 1-5% of the patients. The differential 
diagnosis, which includes optic nerve meningioma, can be 
difficult to elucidate but the MR demonstration of involve- 
ment of both optic nerves, complete optic nerve enhance- 
ment from globe to the chiasm, bilateral enlarged parotid and 
lacrimal glands, leptomeningeal enhancement and infundib- 
ular thickening all support the diagnosis of sarcoidosis. 
Extracranial manifestations of granulomatosis with peri- 
angiitis, Langerhans cell, and non-Langerhans cell histiocy- 
tosis can also insult the optic nerves besides their orbital and 
nasosinusal involvement. The nearby maxillary nerve is also 
prone to be involved and intracranial extension along the 
involved nerves has been described [1, 2, 5, 7]. 


Graves’ Orbitopathy 

Graves’ disease is an autoimmune condition of the thyroid 
involving the orbit in 25% of patients. The resulting ophthal- 
mopathy is caused by extraocular muscle hypertrophy and 
adipogenesis leading to increased ocular pressure and pro- 
ptosis, diplopia, and vision loss due to CN II compression 
and/or elongation. 


Orbital Pseudotumor 

Patients with orbital pseudotumor present with vison loss 
(CN II), ophthalmoplegia (CN IMI, IV, VI), sudden painful 
proptosis and uveitis, and retinal detachment. Infections and 
neoplasms must be excluded before this diagnosis can be 
made and rapid improvement with corticosteroid treatment 
can confirm the diagnosis. An ill-defined enhancing pseudo 
mass in the orbit, orbital apex, and superior/inferior orbital 
fissures can be seen on post-contrast FS T1 W images. A use- 
ful imaging sign is that although the pseudo-mass can be 
large, the surrounding anatomical structures are not dis- 
placed accordingly. 


12.4.4.4 Tumours 


Primary Nerve Lesions 

Esthesioneuroblastoma develops from the neurosensory 
receptor cells in the olfactory epithelium in the upper nasal 
meatus. They are typically centred on the anterior skull base, 
with often a dumbbell mass extending upward in the anterior 
fossa and downward in the nasal cavity, ethmoid and sphe- 
noid sinuses. The extension of the mass, which can have 
cysts at the periphery, can best be delineated on MR. The 
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destruction of the cribriform plate and anterior skull base is 
best depicted on CT. The intracranial component can involve 
CN I with anosmia as a result while the nasosinusal compo- 
nent causes nasal obstruction, rhinorrhoea, and epistaxis. 

Optic nerve glioma, usually pilocytic astrocytoma, is the 
primary tumour of CN II and presents under the age of 
20 years. On MRI and CT, these lesions follow the optic 
nerve in a fusiform way, cause kinking of the optic nerve, and 
may extend to the optic chiasm. On MRI, they have a typical 
high signal intensity on T2 and variable enhancement. Optic 
gliomas can be associated with neurofibromatosis I (NFI) and 
this is more likely with bilateral involvement, when they are 
not cyst-like, and do not extend to the optic chiasm, in con- 
trast to the non-NFI-associated optic gliomas [34]. 


Nerve Sheath Tumours 

The olfactory tracts and bulbs as well as the optic nerves are 
extensions of the brain and have no Schwann cells. However, 
the olfactory filia which connect the olfactory bulbs with the 
olfactory mucosa in the upper nasal meatus do have Schwann 
cells. Therefore, olfactory schwannomas exist but are not 
related to the olfactory tracts and bulbs themselves. 

The intraorbital optic nerve has a meningeal sheath, and 
this explains the presence of meningiomas along CN II. Most 
of the meningiomas are isointense with grey matter, are fusi- 
form, and enhance homogeneously with a “tram track” sign. 
This enhancement is best seen on contrast-enhanced 3D BB 
images as this sequence is more sensitive for contrast 
enhancement and less affected by susceptibility artifacts than 
post-contrast 3D TIWI (Fig. 12.5d, e). 

All other CNs, except for CN VIII, have an extracranial 
course with a Schwann cell sheath on which schwannomas, 
neurofibromas, and rarely malignant tumours can arise. It is 
more likely to find schwannomas and neurofibromas on the 
extracranial end branches of CN V than on the short intraor- 
bital branches of CN III, IV, and VI [32]. Regardless, intra- 
cranial CN schwannomas are far more frequent than 
extracranial CN schwannomas. 

Nerve sheath tumours along the intraparotid branches of 
CN VII can occur but schwannomas/neurofibromas on the 
mastoid segment of the facial nerve with extension into the 
parotid gland are far more frequent. 

Schwannomas can develop on the extracranial segment of 
all four lower cranial nerves but are most frequent on CN 
X. Extracranial schwannomas of CN XII can most often be 
followed into the hypoglossal canal and intracranial sub- 
arachnoid space. Extracranial nerve sheath tumours of cra- 
nial CNs IX and XI are rare. 

On MRI, schwannomas are well-circumscribed, fusiform 
and have an intense enhancement. However, cystic, fatty, and 
haemorrhagic changes can occur resulting in an inhomoge- 
neous lesion and/or inhomogeneous enhancement. Multiple 
extracranial CN schwannomas are most often found in 
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patients with autosomal dominant neurofibromatosis type 2 
(NF2), and bilateral vestibular schwannomas are even 
pathognomonic for NF2. 

Extracranial CN neurofibromas are found in younger 
patients (20-30 years old), enhance weakly or not at all, and 
present as thickening of longer nerve segments. Nevertheless, 
they are sometimes difficult to distinguish from schwanno- 
mas. Most neurofibromas occur isolated, but the presence of 
multiple extracranial CN neurofibromas or a plexiform neu- 
rofibroma strongly suggests the diagnosis of NF1. 


Secondary Nerve Involvement 

Head and Neck Malignancies and Perineural Tumour 

Spread 

All head and neck malignancies can displace or invade extra- 
cranial CNs. Squamous cell carcinomas, adenoid cystic car- 
cinomas, adenocarcinoma, lymphomas, melanomas, 
retinoblastomas, esthesioneuroblastomas, rhabdomyosarco- 
mas, malignant parotid gland tumours, thyroid malignancies, 
etc. can all affect the extracranial CNs, and which nerve is 
affected often depends on the typical location where some of 
these tumours arise. Tumoral infiltration of extracranial CNs 
is difficult to visualize although the use of diffusion tractog- 
raphy is promising for demonstrating nerve displacement 
and suggesting tumoral infiltration [11]. 

Adenoid cystic carcinoma, squamous cell carcinoma, and 
lymphoma are the most frequent malignant head and neck 
lesions with perineural spread although other malignant 
tumours also have the potential to follow the cranial nerves 
[35]. The most frequently involved nerves are V, (skin and 
lacrimal malignancies), V, (skin, oral and nasal cavity, and 
sinus malignancies), V3 (oral cavity-sublingual and subman- 
dibular gland and masticator space malignancies) [36], VII 
(parotid malignancies), and rarely CN XII. 

Perineural spread can be seen as an abnormal enhance- 
ment and thickening of the involved nerves on post-contrast 
FS TIWI. Comparison with the contralateral nerve facili- 
tates the diagnosis. It is crucial to detect intracranial CN 
extension as it limits therapeutic options, thereby avoiding 
potentially futile interventions, and results in a poorer 
prognosis. 

CN V and VII have several connections which allow peri- 
neural tumoral spread along both nerves and their branches. 
The connection between the maxillary nerve (V2) and Vidian 
nerve (VII) at the level of the pterygopalatine fossa is most 
frequently involved. Hence, the pterygopalatine fossa should 
always be assessed in detail as involvement often heralds 
intracranial extension along these nerve branches. 


Paragangliomas 

The imaging characteristics of paragangliomas were already 
discussed in Sect. 12.4.3.3. Extracranially, they arise from 
glomus bodies located along the carotid bulb and vagus 
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nerve inside the carotid space. Jugular foramen paraganglio- 
mas can also extend caudally in these carotid spaces where 
they can compress the four lower CNs. Intracranial extension 
should always be assessed prior to surgery. 


Metastases 

Hematogenous metastases to the head and neck region can 
involve all extracranial nerves with secondary CN deficits. 
Breast, kidney, lung, and prostate tumours as well as mela- 
noma are the most frequent primary tumours that metastasize 
to the head and neck region. In the orbit, metastases from 
breast carcinoma are most frequent and involvement of CN II 
is more often caused by nerve compression by the orbital 
metastasis than by direct metastasis to the nerve itself. The 
extracranial CNs I-XII can be directly affected by all the 
above-mentioned metastases or indirectly by associated ade- 
nopathies. Metastatic extracranial CN involvement is best 
seen on post-contrast FS T1 WI in the axial and coronal plane. 


12.4.4.5 Trauma 

Facial fractures can damage the extracranial CNs. The frac- 
tures and displaced bone fragments are best seen on CT, with 
contusion or shears, and oedema of the CNs best studied on 
MRI with 3D FLAIR and STIR images (Fig. ). One of 
the most frequently damaged nerves is the V, branch. Its 
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course along the floor of the orbit makes it vulnerable in cases 
of orbital floor, orbital blow out and tetrapod fractures. Also, 
the V, branch can be damaged in cases of orbital roof fractures 
and the fractures can even reach the optic nerve (CN IJ) in the 
centre of the orbit. However, more frequently CN II involve- 
ment represents contusion (Fig. ) with nerve transec- 
tion being relatively rare. Mandibular fractures can damage 
the V, branch and/or the inferior alveolar nerve. CN disorders 
may also be iatrogenic and CN II, II, IV, and VI can be dam- 
aged during sinonasal and periorbital surgery. CN V3 can be 
injured during mandibular and tooth implant surgery while 
CN VII can be injured during parotid surgery, etc. One of the 
best-known iatrogenic CN traumas is contusion or transection 
of the lingual nerve, a branch from CN V3, during wisdom 
tooth extraction. Previously imaging was unable to demon- 
strate lingual nerve injury, but this is now possible with new 
dedicated MRN sequences (e.g. 3D CRANI) [37]. Lower cra- 
nial nerve deficits are most often caused by neck dissections or 
by surgery of the lower neck with recurrent laryngeal nerve 
damage and consequent vocal cord palsy one of the best- 
known examples [38]. Surgery can also cause scar formation 
around the extracranial CNs, replacing the usual fat around the 
nerves on unenhanced T1 WI and enhancing in the early post- 
surgical period. Finally, neuromas can develop on extracranial 
CNs in cases of chronic trauma. Visualization of these neuro- 


Fig. 12.6 Extracranial CN lesions: (a, b) Post-traumatic CN II contu- 
sion with visual loss. (a) Coronal contrast-enhanced high-resolution 
T1W image with fat suppression showing oedema of the optic nerve 
(arrow) and the oedematous changes of the optic nerve sheath and sur- 
rounding retro-ocular fat. (b) Axial 3D FLAIR image shows the extent 
of nerve contusion, reaching the optic canal (arrowheads); (c, d) 
Intensive care patient with left hypoglossal nerve palsy following a 
3-month intubation. (c) Atrophy and fatty degeneration of the tongue 
muscles on the left side can be recognized on this axial T2W TSE image 
and confirms left hypoglossal nerve palsy. (d) Contrast-enhanced 3D 
CRANI image with parasagittal MIP reconstruction shows two neuro- 
mas on the inferior bend of the hypoglossal nerve (arrows) caused by a 


remote intubation trauma. For reference, the tongue (grey arrowhead) 
and region of the jugular foramen (white arrowhead) are depicted. (e, f) 
Patient presenting with a left recurrent laryngeal nerve palsy identified 
on contrast-enhanced CT. (e) Axial CT image shows the paramedian 
position of the left true vocal cord with a widened ventricle of Morgagni, 
in keeping with left vocal cord palsy (arrows). (f) Sagittal reconstruc- 
tion demonstrates a large diaphragmatic herniation which causes 
upward displacement of the pulmonary arteries (black arrowheads) and 
closure of the aorta-pulmonic window (arrow) with subsequent com- 
pression and irritation of the recurrent laryngeal nerve branch resulting 
in the left vocal cord palsy. Aortic arch (grey arrowheads) 
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mas on extracranial CNs was almost impossible before the 
advent of the dedicated MRN techniques like the 3D CRANI 
sequence (Fig. 12.6c, d). 


12.4.4.6 Upper Mediastinum 

The vagus nerve and its left recurrent laryngeal branch can 
be followed down to the upper mediastinum. The left recur- 
rent laryngeal nerve turns superiorly after crossing the aorto- 
pulmonary window. Mediastinitis and inflammatory 
adenopathies, tumoral adenopathies and tumours of the 
aerodigestive tract, upper mediastinum, lymphomas, etc. can 
therefore damage these nerves and cause CN X or recurrent 
laryngeal nerve deficits. All pathologies that result in nar- 
rowing of the aorto-pulmonary window can also compress 
the left recurrent laryngeal nerve and cause vocal cord palsy. 
Examples are aortic arch aneurysms, pulmonary hyperten- 
sion, and massive diaphragmatic hernias (Fig. 12.6e, f). 


12.4.5 Conclusion 


Cranial nerve dysfunctions warn clinicians of pathology 
involving the face, skull base, or brain. Guided by medical his- 
tory and clinical findings, imaging should be directed to the 
involved CN and to the right CN segment. An enormous vari- 
ety of diseases can cause CN deficits; therefore, CT and MR 
are used to distinguish and characterize them. Aneurysms, dis- 
sections, skull base and skull lesions, fractures, and calcifica- 
tions are best demonstrated by CT and CTA. Lesions of the 
CN themselves are best studied on MRI with new techniques 
like diffusion tractography, BB imaging, and 3D CRANI 
MRN serving to further strengthen MRI diagnostic authority. 


Take-Home Messages 

e Master cranial nerve anatomy from the central 
nuclei to the peripheral branches. 

e Adapt imaging techniques to the clinical history 
and clinical findings, focusing on the right CN and 
CN segment. 

e Characterize causative lesions by using CT and/or 
MR, with the knowledge that different type of 
lesions affects the different CN segments. 

e Rule out intracranial lesions, aneurysms, and dis- 
section that require specific treatment. Employ CTA 
and MRA to rule out painful vascular CN 
disorders. 

e Use the optimal adapted MR sequences such as 
heavy T2W, 3D FLAIR, and high-resolution T2W 
and T1W sequences, T1 without and with contrast 
and with fat saturation. 

e Consider DWI and the new DWI/DTI, 3D-BB, and 
3D CRANI MRN techniques in appropriate cases. 
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Abstract 


Multiple sclerosis (MS) is the most important inflamma- 
tory demyelinating disorder that affects both the brain and 
spine. Dissemination in space and time on MRI is not lim- 
ited to MS and can occur in neuromyelitis optica spec- 
trum disorder (NMOSD) with aquaporin 4 antibodies, 
myelin oligodendrocyte glycoprotein-related antibody 
disease (MOGAD), and a series of other (inflammatory) 
demyelinating disorders. Spinal cord imaging is an impor- 
tant element of MS (differential) diagnosis and especially 
relevant in case of possible age-related vasculo-ischemic 
brain white matter lesions; a negative scan will help to 
rule out MS. Increasingly, MRI is used to monitor treat- 
ment and their complications such as progressive multifo- 
cal leukoencephalopathy (PML). 
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Learning Objectives 

e To be familiar with the differential diagnosis of 
white matter diseases. 

e Understand the importance of clinical setting, mode 
of presentation and lab results in inflammatory 
demyelinating disorders. 

e Be able to apply MS, MOGAD, and NMOSD diag- 
nostic criteria. 

e Appreciate the value of spinal cord imaging in the 
work-up of MS. 

e Recognize the most important variants and mimics 
of MS. 


13.1 Introduction 

Demyelinating disorders of the central nervous system 
(CNS) that affect the brain and spine have a variety of etiolo- 
gies and can be separated into primary such as multiple scle- 
rosis (MS) and other inflammatory-demyelinating diseases 
such as neuromyelitis optica spectrum disorder (NMOSD), 
myelin oligodendrocyte glycoprotein-related antibody dis- 
ease (MOGAD) as well as secondary (e.g., infectious, isch- 
emic, metabolic, or toxic) diseases. MRI is the imaging 
modality of choice to assess demyelinating disorders of the 
brain and the cord and, together with the clinical and labora- 
tory findings, can accurately classify them in most cases [1— 
3]. This review will highlight the important imaging 
manifestations of some acquired demyelinating diseases that 
allow more specific diagnosis. 
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13.2 Inflammatory-Demyelinating 


Diseases of the CNS 


The term inflammatory demyelination encompasses a broad 
spectrum of CNS disorders that can be differentiated accord- 
ing to their severity, clinical course, and lesion distribution, 
as well as their imaging, laboratory, and pathological find- 
ings. The spectrum includes monophasic, multiphasic, and 
progressive disorders, ranging from highly localized forms 
to multifocal or diffuse variants [2]. Relapsing-remitting 
(RR) and secondary progressive (SP) MS are the two most 
common modes of presentation. MS can also have a progres- 
sive course from onset (primary progressive [PP]). Fulminant 
forms of inflammatory demyelination include a variety of 
disorders that have in common the severity of the clinical 
symptoms, an acute clinical course, and atypical findings on 
MRI. The classic fulminant demyelination is Marburg 
disease but is extremely rare. Baló concentric sclerosis and 
acute disseminated encephalomyelitis (ADEM) can also 
present with severe, acute attacks. Some inflammatory 
demyelinating disorders have a restricted topographic distri- 
bution, as is the case with neuromyelitis optica spectrum dis- 
orders (NMOSD), which can have a monophasic, but more 
often follows a relapsing course. 


13.3 Multiple Sclerosis (MS) 


MS is a progressive inflammatory, demyelinating and neuro- 
degenerative autoimmune disease characterized pathologi- 
cally by perivascular infiltrates of mononuclear inflammatory 
cells, demyelination, and axonal loss and gliosis, with the 
formation of focal and diffuse abnormalities in the brain and 
spinal cord, mainly affecting the optic nerves, brainstem, spi- 
nal cord, and cerebellar and periventricular white matter 
although cortical and subcortical gray matter damage is also 
prominent, resulting in chronic progressive disability for the 
majority of people with the disorder. 

The high sensitivity of MRI in depicting brain and spinal 
cord demyelinating plaques has made this technique the 
most important paraclinical tool in current use, not only for 
the early and accurate diagnosis of MS, but also for under- 
standing the natural history of the disease and monitoring 
and predicting the efficacy of disease-modifying treatments 
[4]. 

MRI is the most sensitive imaging technique for detecting 
MS plaques throughout the brain and spinal cord. Proton 
density (PD) or T2-weighted MR images (especially acquired 
using the fluid-attenuated inversion recovery (FLAIR) 
sequence) show areas of high signal intensity in the periven- 
tricular white matter in >90% of MS patients (the remainder 
may have cord lesions only). MS plaques are generally round 
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to ovoid in shape and range from a few millimeters to more 
than | cm in diameter. They are typically discrete and focal 
at the early stages of the disease, but become confluent as the 
disease progresses, particularly in the posterior hemispheric 
periventricular white matter. MS plaques tend to affect the 
periventricular and juxtacortical white matter, whereas small 
vessel ischemic lesions tend to involve the deep white matter 
without touching the cortex [4]. The total T2 lesion volume 
of the brain increases by approximately 5-10% each year in 
the relapsing forms of MS. 

Both acute and chronic MS plaques appear hyperintense 
on T2/FLAIR sequences, reflecting their increased tissue 
water content. The signal increase indicates edema, inflam- 
mation, demyelination, reactive gliosis, and/or axonal loss in 
proportions that differ from lesion to lesion [5]. Most MS 
patients have at least one ovoid periventricular lesion, whose 
major axis is oriented perpendicular to the outer surface of 
the lateral ventricles. The ovoid shape and perpendicular ori- 
entation derive from the perivenular location of the demye- 
linating plaques noted on histopathology (Dawson’s 
fingers). 

MS lesions tend to affect specific regions of the brain, 
including the periventricular white matter, the inferior sur- 
face of the corpus callosum, the cortico-juxtacortical regions, 
the temporal lobes and the infratentorial regions (Table 13.1). 
Focal involvement of the periventricular white matter in the 
anterior temporal lobes is typical for MS and rarely seen in 
other white matter disorders, especially not in aging/hyper- 
tension (see Table 13.1). The lesions commonly found at the 
calloso-septal interface are best depicted by sagittal 
T2-FLAIR images—a sequence highly recommended for 
diagnostic MRI studies. 

Histopathological studies have shown that a substantial 
portion of the total brain lesion load in MS is located within 
the cerebral cortex. Presently available MRI techniques are 
not optimal for detecting cortical lesions because of poor 
contrast resolution between normal-appearing gray matter 
(NAGM) and the plaques in question, and because of the par- 
tial volume effects of the subarachnoid spaces and CSF sur- 


Table 13.1 Characteristic differences between small-vessel disease 
(SVD) and MS 


Involvement SVD MS 
Corpus callosum Rare Common 
U-fibers Rare Often 
Brainstem Central pons Peripheral 
Temporal lobe Rare* Often 
Gadolinium enhancement Exceptional Common 
Black holes Rare Typical 
Lacunes Typical Rare 
Spinal cord Never Common 


a With the exception of cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy (CADASIL) 
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rounding the cortex. Cortical lesions are better visualized by 
2D or 3D T2-FLAIR sequences and newer MR techniques 
such as 3D double inversion recovery (DIR) pulse sequences 
which selectively suppress the signal from white matter and 
cerebrospinal fluid (CSF). Juxtacortical lesions that involve 
the “U” fibers are seen in two-thirds of patients with MS. 
Posterior fossa lesions preferentially involve the floor of 
the fourth ventricle, the middle cerebellar peduncles, and the 
brainstem. Most brainstem lesions are contiguous with the 
cisternal or ventricular CSF spaces, and range from large 
confluent patches to solitary, well-delineated paramedian 
lesions or discrete “linings” of the CSF border zones. 
Predilection for these areas is a key feature that helps to iden- 
tify MS plaques and to differentiate them from focal areas of 
ischemic demyelination and infarction, diseases that prefer- 
entially involve the central pontine white matter. 
Approximately 10-20% of T2 hyperintensities are also 
visible on T1-weighted images as areas of low signal inten- 
sity compared with normal-appearing gray matter. These so- 
called T1 black holes have a different pathological substrate 
that depends, in part, on the lesion age. The hypointensity is 
present in up to 80% of recently formed lesions and probably 
represents marked edema, with or without myelin destruc- 
tion or axonal loss. In most cases, the acute lesions become 
isointense within a few months as inflammatory activity 
abates, edema resolves, and reparative mechanisms like 
remyelination, become active. Less than 40% evolve into 
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persisting or chronic “black holes,” which correlate patho- 
logically with the most severe demyelination and axonal 
loss, indicating areas of irreversible tissue damage [6]. 
Chronic black holes are more frequent in patients with pro- 
gressive disease than in those with RRMS disease, and more 
frequent in the supratentorial white matter as compared with 
the infratentorial white matter. They are rarely found in the 
spinal cord and optic nerves. 

MS lesions of the spinal cord resemble those in the brain. 
The lesions can be focal (single or multiple) or diffuse, and 
commonly affect the cervical cord segment (Fig. ). On 
sagittal scans, the lesions characteristically have a cigar 
shape and rarely exceed two vertebral segments in length 
(the so-called short-segment lesions in contrast to longitudi- 
nally extensive lesions in NMOSD). On cross-section, they 
typically occupy the lateral and posterior white-matter col- 
umns, extend to involve the central gray matter, and rarely 
occupy more than one half the cross-sectional area of the 
spinal cord [7]. 

Acute spinal cord lesions can produce a mild to moderate 
mass effect with spinal cord swelling and may show contrast 
enhancement. Active lesions are rarer in the spinal cord than 
the brain and are more frequently associated with new clini- 
cal symptoms. The prevalence of spinal cord abnormalities is 
as high as 74-92% in established MS and depends on the 
clinical phenotype of MS. Asymptomatic spinal cord lesions 
are found in 30-40% of patients with a clinically isolated 


Fig. 13.1 Spinal cord lesion in MS shown on proton-density and 
T2-weighted sagittal and axial images. Use of at least two contrasts or 
planes is recommended. Typical of MS, there are multiple short- 


segment lesions in the sagittal plane that involve the peripheral white 
matter in the axial plane though lesions can also affect the central gray 
matter 
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Fig. 13.2 Dissemination in space suggestive of MS is demonstrated when lesions are present in at least two of four locations regardless of whether 
or not they are symptomatic. JC/IC juxtacortical/intracortical, PV periventricular, IT infratentorial, SC spinal cord 


syndrome (CIS), even if the presenting symptoms do not 
involve the spinal cord clinically. In RRMS, the spinal cord 
lesions are typically multifocal. In secondary progressive 
MS, the abnormalities are more extensive and diffuse and are 
commonly associated with spinal cord atrophy. In primary 
progressive MS, spinal cord abnormalities are quite exten- 
sive as compared with brain abnormalities. This discrepancy 
may help to diagnose primary progressive MS in patients 
with few or no brain abnormalities. 

The diagnosis of MS [2] is based on a clinical symptom 
suggestive of MS with demonstration of dissemination in 
space (DIS) and time (DIT) using a combination of clinical 
and MRI findings. For the fulfillment of DIS based on MRI, 
lesions should be present in at least two typical locations 
(intra/juxtacortical, periventricular, infratentorial, and spinal 
cord) as illustrated in Fig. 13.2. For the fulfillment of DIT 
based on MRI, there should be either enhancing and non- 
enhancing lesions at one point in time, or new T2/FLAIR 
lesions at follow-up in typical locations. When DIT cannot 
be demonstrated using MRI, the presence of oligoclonal 
bands in CSF can be a substitute. For both clinical and MRI 
findings, other diagnoses should be considered and ruled out 
where appropriate. 

Longitudinal and cross-sectional MR studies have shown 
that the formation of new MS plaques is often associated with 
contrast enhancement, mainly in the acute and relapsing stages 
of the disease [8, 9]. The gadolintum enhancement varies in 
size and shape, usually lasting a few weeks, although steroid 
treatment shortens this period. Incomplete ring enhancement 
on T1-weighted gadolinium-enhanced images, with the open 
border facing the gray matter of the cortex or basal ganglia is 
a common finding in active MS plaques and is a helpful fea- 
ture for distinguishing between inflammatory-demyelinating 
lesions and other focal lesions such as tumors or abscesses 
which will have a closed ring of enhancement [10]. 

Contrast enhancement is a relatively good predictor of 
further enhancement and of subsequent accumulation of T2 


lesions but shows no (or weak) correlation with progression 
of disability and the development of brain atrophy. In RRMS 
and early SPMS, enhancement is more frequent during 
relapses and correlates well with clinical activity. For patients 
with primary progressive MS, serial T2-weighted studies 
show few new lesions and less frequent enhancement. 
Contrast-enhanced T1-weighted images are used in the study 
of MS to provide a measure of inflammatory activity in vivo 
but given their potential side-effects, patient burden and 
costs should not routinely be used for treatment monitoring 
once a new post-treatment baseline is established [8]. 

MRI-based disease activity occurs five to ten times more 
frequently than clinical evaluation of relapses, suggesting 
that most of the enhancing lesions are clinically silent. 
Subclinical disease activity with contrast-enhancing lesions 
is four to ten times less frequent in the spinal cord than the 
brain, a fact that may be partially explained by the large vol- 
ume of brain as compared with spinal cord. High doses of 
gadolinium and a long post-injection delay can increase the 
detection of active spinal cord lesions. 


13.4 Baló Concentric Sclerosis 


Baló concentric sclerosis is a rare condition, considered a 
variant of MS, with characteristic radiologic and pathologic 
features. It was formerly considered an aggressive MS vari- 
ant, leading to death in weeks to months after onset, and in 
which the diagnosis was made on histopathologic findings 
at postmortem examination. However, with the widespread 
use of MRI, this MS variant is often identified in patients 
who later have a complete or almost complete clinical 
recovery [11]. The pathologic hallmarks include large, 
demyelinated lesions showing a peculiar pattern of alternat- 
ing layers of preserved and destroyed myelin. One possible 
explanation for this pattern is that sublethal tissue injury is 
induced at the edge of the expanding lesion, which would 
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then stimulate expression of neuroprotective proteins to pro- 
tect the rim of peri-plaque tissue from damage, thereby 
resulting in alternating layers of preserved and non-pre- 
served myelinated tissue [12]. These alternating bands are 
best identified with T2-weighted sequences, which typically 
show thick concentric hyperintense bands corresponding to 
areas of demyelination and gliosis, alternating with thin 
isointense bands corresponding to normal myelinated white 
matter. This pattern can also be identified on T1-weighted 
images as alternating isointense (preserve myelin) and 
hypointense (demyelinated) concentric rings. These bands, 
which may eventually disappear over time, can appear as 
multiple concentric layers (onion-skin lesion), as a mosaic, 
or as a “floral” configuration. The center of the lesion usu- 
ally shows no layering because of massive demyelination 
(“storm center”). Restricted diffusion, followed by contrast 
enhancement are common in the outer rings (inflammatory 
edge) of the lesion [13]. 

The Baló pattern on MRI can be isolated, multiple, or 
combined with typical MS-like lesions, and the lesion 
structure can vary from one or two to several alternating 
bands, with a total size from one to several centimeters. 
Lesions occur predominantly in the cerebral white matter 
although brainstem, cerebellum, and spinal cord involve- 
ment has also been reported. 


13.5 Neuromyelitis Optica Spectrum 
Disorders (NMOSD) 


NMOSD is an autoimmune inflammatory disorder of the 
CNS with a predilection for the optic nerves and spinal cord 
[14]. The discovery of autoantibodies directed against aqua- 
porin-4 (AQP4), the major water channel in the CNS, clearly 
identified AGP4+NMOSD as a disease separate from MS— 
and requiring a different treatment than MS [15, 16]. 

This uncommon and topographically restricted disease is 
characterized by severe unilateral or bilateral optic neuritis 
and complete transverse myelitis, which occur simultane- 
ously or sequentially over a varying period (weeks or years). 
The index events of new-onset NMOSD are severe unilateral 
or bilateral optic neuritis, acute myelitis, or a combination of 
these symptoms. Myelitis attacks appear as complete trans- 
verse myelitis with severe bilateral motor deficits, sensory- 
level, bowel and bladder dysfunction, pain and significant 
residual neurologic injury. Optic neuritis attacks are gener- 
ally more severe than those typically seen in MS. 

Approximately 85% of patients have a relapsing course 
with severe acute exacerbations and poor recovery, which 
leads to increasing neurologic impairment and a high risk of 
respiratory failure and death due to cervical myelitis. Patients 
who experience acute optic neuritis and transverse myelitis 
simultaneously or within days of each other are much more 
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likely to have a monophasic course. On the other hand, a 
relapsing course correlates with AQP4 seropositivity, a lon- 
ger interval between attacks, older age at onset, female gen- 
der, and less severe motor impairment after the myelitic 
onset. Although the initial attacks are more severe in patients 
proven to have monophasic NMOSD, the long-term neuro- 
logic prognosis is somewhat better in this group because 
patients do not accumulate disability from recurrent attacks. 

Clinical features alone are insufficient to diagnose 
NMOSD; CSF analysis and MRI are usually required to con- 
fidently exclude other disorders. CSF pleocytosis (>50 leu- 
kocytes/mm+) is often present, while oligoclonal bands are 
seen less frequently (20-40%) than in MS patients (80- 
90%). AQP4-Ab detection is best performed using cell-based 
assays that have greater sensitivity. AQP4-Ab may be helpful 
to distinguish from MS, and it can predict relapse and con- 
version to NMOSD in patients presenting with a single attack 
of longitudinally extensive myelitis. AQP4 testing is positive 
in 52% of patients with relapsing transverse myelitis and in 
25% of patients with recurrent idiopathic optic neuritis [17]. 

Wingerchuk et al. proposed a revised set of criteria for 
diagnosing AQP4+NMOSD [18]. These criteria remove the 
absolute restriction on CNS involvement beyond the optic 
nerves and spinal cord, allow any interval between the first 
events of optic neuritis and transverse myelitis, and empha- 
size the specificity of longitudinally extensive spinal cord 
lesions on MRI and AQP4-IgG seropositive status. More 
recently, the International Panel for NMOSD diagnosis 
developed new diagnostic criteria that define the unifying 
term NMOSD, which is stratified by serologic testing (with 
or without AQP4-IgG). These new criteria require, in patients 
with AQP4-IgG, core clinical and MRI findings related to 
optic nerve, spinal cord, area postrema, other brainstem, 
diencephalic, or cerebral presentations. However, more strin- 
gent clinical and MRI criteria are required for diagnosis of 
NMOSD without AQP4-IgG or when serologic testing is 
unavailable (Table 13.2). 

MRI of the affected optic nerve demonstrates swelling 
and loss of blood-brain barrier integrity with gadolinium 
enhancement that can extend into the optic chiasm. The spi- 
nal cord lesions in NMOSD typically extend over three or 
more contiguous vertebral segments and occasionally the 
entire spinal cord (longitudinally extensive spinal cord 
lesions); they are centrally located (preferential central gray- 
matter involvement) and affect much of the cross-section on 
axial images. During the acute and subacute phase, the 
lesions are tumefactive and show contrast uptake. In some 
cases, the spinal cord lesions are small at the onset of symp- 
toms, mimicking those of MS, and then progress in extent 
over time. The presence of very hyperintense spotty lesions 
on T2-weighted images (“bright spotty sign”) is a specific 
feature that helps differentiate NMOSD from MS, particu- 
larly in patients without longitudinally extensive spinal cord 
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Table 13.2 Diagnostic criteria for NMOSD without or unknown 
AQP4-IgG status 


1. At least two core clinical characteristics occurring as a result of 
one or more clinical attacks and meeting all of the following 
requirements: 

(a) At least one core clinical characteristic must be optic neuritis, 
acute myelitis with LETM, or area postrema syndrome 

(b) Dissemination in space (two or more different core clinical 
characteristics) 

(c) Fulfillment of additional MRI requirements, as applicable (see 
below) 

2. Negative tests for AQP4-IgG using best available detection 
method or testing unavailable 

3. Exclusion of alternative diagnoses 

Additional MRI requirements 

1. Acute optic neuritis: requires brain MRI showing the following: 
(a) Normal findings or only nonspecific white matter lesions 
(b) Optic nerve MRI with T2-hyperintense lesion or gadolinium- 

enhancing lesion extending over >1/2 optic nerve length or 
involving optic chiasm 

2. Acute myelitis: requires associated intramedullary MRI lesion 
extending over >3 contiguous segments (LETM) or >3 contiguous 
segments of focal spinal cord atrophy in patients with history 
compatible with acute myelitis 

3. Area postrema syndrome: requires associated dorsal medulla/area 
postrema lesions 

4. Acute brainstem syndrome: requires associated peri-ependymal 
brainstem lesions 


lesions and likely reflects the highly destructive component 
of the inflammatory lesion [7, 13, 19]. Spinal cord lesions 
can progress to atrophy and necrosis and may lead to syrinx- 
like cavities on T1-weighted images. 

NMOSD was long considered a disease without brain 
involvement, and a negative brain MRI at disease onset was 
considered a major supportive criterion for the diagnosis of 
NMOSD. However, various studies have shown that brain 
MRI abnormalities exist in a significant proportion (50- 
85%) of patients [20]. Brain MRI lesions are often asymp- 
tomatic, but sometimes are associated with symptoms even 
at disease onset. The brain lesions in NMOSD are commonly 
nonspecific. They can be dot-like or patchy, <3 cm in diam- 
eter, and located in the deep white matter, brainstem, or cer- 
ebellum. Nonetheless, some brain MRI features appear to be 
quite characteristic and distinct from MS lesions. These 
abnormalities may parallel sites with high AQP4 expression 
adjacent to the ventricular system at any level, such as the 
hypothalamus, periependymal areas surrounding the third 
and lateral ventricles, cerebral aqueduct, corpus callosum, 
and dorsal brainstem adjacent to the fourth ventricle. The 
appearance of periventricular lesions in AQP4+NMOSD is 
quite characteristic. In contrast to MS, where periventricular 
lesions are discrete, oval-shaped, and perpendicular to the 
ependymal lining due to their perivenular distribution 
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(Dawson’s fingers), NMOSD lesions are not oval-shaped, 
located immediately adjacent to the lateral ventricles follow- 
ing the ependymal lining in a disseminated pattern, and are 
often edematous and heterogeneous [20]. As opposed to 
what occurs in MS, NMOSD lesions do not affect the corti- 
cal gray matter. 

Involvement of the corpus callosum has been described in 
18% of AQP4+seropositive NMOSD patients. The lesions 
are multiple, large, and edematous, show heterogeneous sig- 
nal intensity on T2-weighted images, and sometimes affect 
the entire thickness of the corpus callosum. 

Lesions may also affect areas where AQP4 expression is 
not particularly high, such as the corticospinal tracts. These 
lesions, which can be unilateral or bilateral and may affect 
the posterior limb of the internal capsule and cerebral pedun- 
cle of the midbrain, are contiguous and often longitudinally 
extensive [20]. 

Other brain MRI findings described in AQP4+NMOSD 
include extensive and confluent hemispheric white-matter 
lesions and radial hemispheric lesions (sometimes corre- 
sponding to an extension of periventricular lesions), which 
are likely related to vasogenic edema involving the white- 
matter tracts. These lesions usually do not show mass effect 
or contrast enhancement, but there may be a “cloud-like” 
pattern of enhancement, defined as multiple patches of 
enhancing lesions with blurred margins [21]. In fact, the 
finding of large hemispheric lesions in a patient suspected of 
MS should trigger the option of NMOSD and testing for 
AQP4 antibodies. 

Some of the typical brain MRI findings may be specific to 
clinical presentations, such as intractable vomiting and hic- 
cup (linear dorsal medullary lesions involving the area pos- 
trema and nucleus tractus solitarius), or a syndrome of 
inappropriate antidiuretic hormone secretion (hypothalamic 
and periaqueductal lesions) [21]. 

Distinguishing NMOSD from MS is critical, particularly 
in the early stages, since the treatment and prognosis of these 
disorders differ. In fact, some evidence suggests that 
MS-modifying treatments such as interferon-8, natalizumab, 
and laquinimod exacerbate AQP4+NMOSD. By contrast, 
several immunosuppressants (e.g., azathioprine, rituximab, 
mitoxantrone) seem to help in preventing NMOSD relapses. 

NMOSD can be associated with systemic autoimmune dis- 
eases such as systemic lupus erythematosus and Sjögren syn- 
drome). Whether the neurologic manifestations are solely due 
to NMOSD or are a manifestation of these diseases is contro- 
versial although optic neuritis and transverse myelitis are rare 
presentations of them, and several studies have shown that 
patients with systemic autoimmune diseases and AQP4-IgG 
antibodies always have optic neuritis, myelitis, or NMOSD. 


13 Demyelinating Diseases of the CNS (Brain and Spine) 


13.6 Acute Disseminated 
Encephalomyelitis (ADEM) 


ADEM is a severe, immune-mediated inflammatory disorder 
of the CNS that predominantly affects the white matter of the 
brain and spinal cord. In the absence of specific biologic 
markers, the diagnosis of ADEM is based on clinical and 
radiologic features [22]. This disorder affects children more 
commonly than adults, and, in contrast to MS, shows no gen- 
der preponderance. The estimated incidence is 0.8 per 
100,000 population per year. In most cases, the clinical onset 
of disease is preceded by viral or bacterial infections, usually 
nonspecific upper-respiratory-tract infections. ADEM may 
also develop following a vaccination (postimmunization 
encephalomyelitis). Patients commonly present with non- 
specific multifocal symptoms, which developed subacutely 
over a period of days, frequently associated with encepha- 
lopathy (relatively uncommon in MS), defined as an altera- 
tion in consciousness (e.g., stupor, lethargy) or a behavioral 
change unexplained by fever, systemic illness, or postictal 
symptoms. Although ataxia, encephalopathy, and brainstem 
symptoms are frequently present in both pediatric and adult 
cases, certain signs and symptoms appear to be age-related. 
In childhood ADEM, long-lasting fever and headaches occur 
more frequently, while in adult cases, motor and sensory 
deficits predominate. In general, the disease is self-limiting 
and the prognostic outcome favorable. 

Although ADEM usually has a monophasic course, mul- 
tiphasic forms have been reported, raising diagnostic diffi- 
culties in distinguishing these cases from MS. This 
multiphasic form, which accounts for less than 4% of ADEM 
cases, is defined as a new encephalopathic event consistent 
with ADEM, separated by 3 months after the initial illness. 
The second ADEM event can involve either new or re- 
emergent neurologic symptoms, signs, and MRI findings. 
Relapsing disease following ADEM that occurs beyond a 
second encephalopathic event is no longer consistent with 
multiphasic ADEM but rather indicates a chronic disorder, 
most often leading to the diagnosis of MS or MOGAD and 
should prompt testing for myelin oligodendrocyte glycopro- 
tein (MOG) antibodies, especially in children [23, 24]. 

An ADEM event as the first manifestation of the classic 
relapsing form of MS occurs in 2—10%. According to the 
International Pediatric Multiple Sclerosis Study Group, the 
diagnosis of MS is met if, after the initial ADEM, a second 
clinical event meets the following three requirements: (1) it 
is non-encephalopathic; (2) it occurs 3 months or more 
after the incident neurologic illness; and (3) it is associated 
with new MRI findings consistent with the McDonald cri- 
teria for dissemination in space [23]. The presence of 
hypointense lesions and two or more periventricular lesions 
are MRI features that support an MS diagnosis in children 
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with acute CNS demyelination [23]. Unlike the lesions in 
MS, ADEM lesions are often large, patchy, and poorly mar- 
ginated on MRI, especially when there are MOG antibodies 
[24]. There is usually asymmetric involvement of the sub- 
cortical and central white matter and cortical gray—white 
junction of the cerebral hemispheres, cerebellum, brain- 
stem, and spinal cord. Lesions confined to the periventricu- 
lar white matter and corpus callosum are less common than 
in MS. The gray matter of the thalamus and basal ganglia is 
often affected, particularly in children, and typically in a 
symmetric pattern. However, the frequency of thalamic 
involvement in adult ADEM does not differ from that of 
adult MS. This can be explained by the fact that involve- 
ment of this structure is less common in adult ADEM than 
in childhood ADEM. Four patterns of cerebral involvement 
have been proposed to describe the MRI findings in ADEM: 
(1) ADEM with small lesions (less than 5 mm); (2) ADEM 
with large, confluent, or tumefactive lesions, and frequent 
extensive perilesional edema and mass effect; (3) ADEM 
with additional symmetric deep gray-matter involvement; 
and (4) acute hemorrhagic encephalomyelitis [25]. 
Gadolinium enhancement of one or more lesions occurs in 
14-30% of cases [23]. The pattern of enhancement varies 
and can be complete or incomplete ring-shaped, nodular, 
gyral, or spotty. Although ADEM is usually a monophasic 
disease, new lesions may be seen on follow-up MRI within 
the first month of the initial attack. 

Most MRI lesions appear early in the course of the dis- 
ease, supporting the clinical diagnosis of ADEM. Nonetheless, 
in some cases, there may be a delay of more than 1 month 
between the onset of symptoms and the appearance of lesions 
on MRI. Therefore, a normal brain MRI scan obtained within 
the first days after the onset of neurologic symptoms sugges- 
tive of ADEM does not exclude this diagnosis. 

The spinal cord is affected in less than 30% of ADEM 
patients, predominantly in the thoracic region. The spinal 
cord lesion is typically large, causes swelling, and shows 
variable enhancement. In most ADEM patients, partial or 
complete resolution of the MRI abnormalities occurs within 
a few months of treatment. This course is positively associ- 
ated with a final diagnosis of ADEM. 


13.7 Myelin Oligodendrocyte 
Glycoprotein-Related Antibody 
Disease (MOGAD) 


Beyond the setting of ADEM, the entity of MOGAD has 
been coined more recently [26], significantly narrowing the 
differential diagnosis of NMOSD without AQP4 antibodies. 
In older children and adults, optic neuritis is the most com- 
mon mode of presentation and is bilateral in around 50% of 
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cases, far more than in MS and even more than in AQP4- 
mediated disease. Transverse myelitis is the second most 
common mode of presentation. Infrequent modes of presen- 
tation include cerebral cortical encephalitis (with seizures), 
tumefactive brain lesions, brainstem, or cerebellar syndrome 
and even a leukodystrophy-like pattern. 

Optic neuritis in MOGAD is associated with swelling and 
optic nerve hyperintensity on STIR or fat-saturated T2 
images of the orbit, with lesions tending to involve the optic 
nerve over its entire length; MS lesions tend to be short (and 
unilateral), while AQP4-related lesions tend to be more pos- 
terior with involvement of the chiasm. MOGAD lesions 
show gadolinium-enhancement and peri-optic enhancement 
is a frequent finding. 

Transverse myelitis in MOGAD tends to be longitudi- 
nally extensive (LETM) and involve the central cord more 
than the periphery—as in NMOSD. There can even be iso- 
lated gray matter involvement. The lower cord is frequently 
involved. Enhancement with gadolinium can be patchy and 
persistent. 

Cerebral lesions in MOGAD trend to affect the gray- 
white matter boundaries, for example, around the cingulate 
cortex. Posterior fossa lesions include ill-defined ponto- 
mesencephalic or (sometimes bilateral) MCP lesions. 

The diagnosis of MOGAD requires one of the core clini- 
cal features and clearly positive MOG-IgG test results in 
serum (using a fixed or live cell-based assay). In case of low- 
positive titers or unclear serum MOG-IgG status, one of the 
above-mentioned MRI findings is required to confirm the 
diagnosis. 


13.8 Infectious Inflammatory 


Demyelinating Disorders 


13.8.1 Progressive Multifocal 
Leukoencephalopathy 


Progressive multifocal leukoencephalopathy (PML) is 
overwhelmingly a disease of the immunocompromised 
patient and most (55-85%) cases are related to acquired 
immunodeficiency syndrome (AIDS). There is a wide age 
range of involvement, with the peak age of presentation in 
the sixth decade. The disease is caused by reactivation of a 
papovavirus (JC virus) that selectively attacks the oligo- 
dendrocyte, leading to demyelination. Treatment with 
monoclonal antibody therapy (natalizumab, rituximab, 
efalizumab) or other immunomodulatory drugs, commonly 
used in patients with MS and other disorders has also been 
linked with PML [27]. Untreated patients with PML have 
an extremely poor prognosis, with death common in the 
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first 6 months following establishment of the diagnosis. 
Although there is no specific treatment, combination anti- 
retroviral therapy (CART) has not only resulted in a lower 
incidence of PML in AIDS patients, but also substantially 
improved survival times, now at 50% 1-year survival [27]. 
Unfortunately, about 20% of PML cases are linked to a 
robust inflammatory response to pathogens associated with 
recovery of the immune system after a period of immuno- 
suppression. This condition, known as PML-IRIS (Immune 
Reconstitution Inflammatory Syndrome), has been associ- 
ated with intracranial masses with generous amounts of 
surrounding vasogenic edema on MRI. Enhancement may 
also occur [27]. 

The lesions of PML are characterized by little mass effect 
or enhancement. Most lesions involve the subcortical white 
matter and deep cortical layers of the parieto-occipital or 
frontal white matter although gray matter and posterior fossa 
lesions are also common (occurring in up to 50% of cases). 
PML lesions tend to be more confluent in their appearance 
than ADEM lesions and scalloping of the lateral margin of 
the lesion at the gray matter-white matter junction is com- 
mon. Subtle signal intensity changes in the white matter may 
precede clinical suspicion of PML-IRIS. While development 
of mass effect and temporary enhancement in the early phase 
of cART has been linked to better survival, similar imaging 
manifestations may also be seen in monoclonal-antibody 
treated PML patients [27]. 


13.8.2 Human Immunodeficiency Virus 
Encephalopathy 


Human immunodeficiency virus (HIV) encephalopathy 
results from direct infection of the brain by the virus itself. 
Since the advent of cART, the prevalence of the disease has 
markedly decreased, and the temporal progression has been 
slowed. Most patients are severely immunocompromised at 
the time of onset and exhibit psychomotor slowing, impaired 
mental status, and memory difficulties. Histologically, demy- 
elination and vacuolation with axonal loss are noted, along 
with occasional microglial nodules. Mild cerebral atrophy is 
the first and sometimes only imaging feature of the disease, 
which is also known as AIDS dementia complex, HIV 
dementia, HIV-associated dementia complex, and HIV- 
associated neuron-cognitive disorder (HAND). Involvement 
of the central white matter, basal ganglia, and thalamus is 
characteristic. Typically, bilaterally symmetric abnormal 
hyperintensity in the basal ganglia and small focal areas in 
the periventricular regions are noted on T2-weighted MR 
images [28]. Regression of these findings has been seen fol- 
lowing institution of cART. 


13 Demyelinating Diseases of the CNS (Brain and Spine) 


13.9 White Matter Disease from Toxic 
Imbalance 


13.9.1 Chronic Alcohol Ingestion and Its 
Consequences 


Brain abnormalities in alcoholics include atrophy, 
Marchiafava-Bignami disease, Wernicke encephalopathy, 
osmotic myelinolysis, and consequences of liver cirrhosis 
such as hepatic encephalopathy and coagulopathy [29]. All 
the reported entities are not specific of alcohol and can be 
found in many other toxic or metabolic conditions. Ethanol 
direct brain toxicity is caused by up-regulation of receptors 
of N-methyl-pD-aspartate and abnormal catabolism of homo- 
cysteine, resulting in an increased susceptibility to glutamate 
excitatory and toxic effects. Moreover, immune response 
occurs mediated by lipid peroxidation products that bind to 
neurons resulting in neurotoxicity. Neuroimaging studies 
show a characteristic distribution of loss of volume, initially 
with atrophy of the cerebellar vermis and hemispheres and 
subsequently frontal and temporal atrophy, followed by dif- 
fuse atrophy of the brain. Partial reversibility of these altera- 
tions may be observed in the early stages. In pregnancy, 
ethanol inhibits maturation of Bergmann’s fibers of the neo- 
natal cerebellum, with consequential marked cerebellar 
atrophy. 


13.9.2 Hepatic Encephalopathy 


The term hepatic encephalopathy (HE) includes a wide spec- 
trum of neuropsychiatric abnormalities occurring in patients 
with liver dysfunction. Most cases are associated with cirrho- 
sis and portal hypertension or portal-systemic shunts, but the 
condition can also be seen in patients with acute liver failure 
and, rarely, in those with portal-systemic bypass and even in 
the absence of associated intrinsic hepatocellular disease. 
Although HE is a clinical condition, several neuroimaging 
techniques, particularly MRI, may eventually be useful for 
the diagnosis because they can identify and measure the con- 
sequences of CNS increase in substances, which, under nor- 
mal circumstances, are efficiently metabolized by the liver. 
Classical MR abnormalities in chronic HE include high sig- 
nal intensity in the globus pallidum on T1-weighted images, 
likely a reflection of increased tissue concentrations of man- 
ganese, and an elevated glutamine/glutamate peak coupled 
with decreased myo-inositol and choline signals on proton 
MR spectroscopy, representing disturbances in cell-volume 
homeostasis secondary to brain hyperammonemia [30]. 
White matter abnormalities related to increased CNS 
ammonia concentration can also be detected with magnetiza- 
tion transfer imaging (ratio measurements show significantly 
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low values in otherwise normal-appearing brain white mat- 
ter), T2-Flair sequences (diffuse and focal high-signal inten- 
sity lesions in the hemispheric white matter), and DWI 
(increased white matter diffusivity). All these MR abnormal- 
ities, which return to normal with restoration of liver func- 
tion, probably reflect the presence of mild diffuse interstitial 
brain edema, which seems to play an essential role in the 
pathogenesis of HE. 

In acute HE, bilateral symmetric signal-intensity abnor- 
malities on T2-weighted images, often with associated 
restricted diffusion involving cortical gray matter, are com- 
monly identified. Involvement of the subcortical white mat- 
ter, basal ganglia, thalami, and midbrain may also be seen. 
These abnormalities reflect the development of cytotoxic 
edema secondary to acute hyperammonemia that can lead to 
intracranial hypertension and severe brain injury [30]. 


13.9.3 Marchiafava-Bignami Disease 


Marchiafava-Bignami disease is a rare complication of 
chronic alcoholism, characterized by demyelination and 
necrosis of the corpus callosum, with rare involvement of 
extracallosal regions. Etiology remains unknown. Initially 
believed to be caused by toxic agents in low-quality red wine 
and lack of group B vitamins, it has since been documented 
in those who consume other types of alcohol and even more 
rarely in non-alcoholics. Symptoms are mainly represented 
by cognitive deficits, psychosis, hypertonia, and interhemi- 
spheric disconnection, until coma and death. Typical MRI 
features in the acute phase are corpus callosum hyperinten- 
sity on T2-weighted sequences and FLAIR, without signifi- 
cant mass effect, with peripheral enhancement. Diffusion is 
restricted due to cytotoxic edema. In chronic forms, necrosis 
of the genu and splenium can be detected [31]. 


13.9.4 Wernicke Encephalopathy 


Wernicke encephalopathy (WE) is an acute condition first 
described by the French ophthalmologist Gayet in 1875, and 
later by the German neurologist Wernicke in 1881, caused by 
a deficiency of 25B1 (thiamine). It develops frequently but 
not exclusively in alcoholics. Other potential causes include 
extended fasting, malabsorption, digitalis poisoning, mas- 
sive infusion of glucose without 25B1 in weak patients. The 
autoptic incidence is reported to be 0.8-2% in random autop- 
sies, and 20% in chronic alcoholics. The classic clinical triad 
of ocular dysfunctions (nystagmus, conjugate gaze palsy, 
ophthalmoplegia), ataxia, and confusion is observed in only 
30% of cases. Treatment consists of thiamine infusion and 
avoids irreversible consequences including Korsakoff 
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dementia or death. Memory impairment and dementia are 
related to damage of the mammillary bodies, anterior tha- 
lamic nuclei and interruption of the diencephalic- 
hippocampal circuits. Depletion of thiamine leads to failure 
of conversion of pyruvate to acetyl-CoA and a-ketoglutarate 
to succinate, altered pentose monophosphate shunt, and the 
lack of Krebs cycle, with cerebral lactic acidosis, intra- and 
extra-cellular edema, swelling of astrocytes, oligodendro- 
cytes, myelin fibers, and neuronal dendrites. 
Neuropathological aspects include neuronal degeneration, 
demyelination, hemorrhagic petechiae, proliferation of cap- 
illaries and astrocytes in peri-aqueductal gray substance, 
mammillary bodies, thalami, pulvinar, III cranial nerves 
nuclei, and cerebellum. On MRI, associated bilateral and 
symmetrical hyperintensities on T2-weighted sequences and 
FLAIR are evident in these regions, most prominently in the 
mammillary bodies and thalami [32, 33]. Rarely, cortex of 
the forebrain can be involved. DWI shows areas of reduced 
apparent diffusion coefficient (ADC) due to cytotoxic edema 
although the ADC can sometimes be high due to the pres- 
ence of vasogenic component. Tl-weighted images may 
rarely show hyperintensity (related to hemorrhagic changes) 
in the thalami and mammillary bodies, a sign considered 
clinically unfavorable. In 50% of cases, contrast enhance- 
ment is present in periaqueductal regions. Marked contrast 
enhancement of the mammillary bodies is evident in 80% of 
cases, even prior to the development of visible changes in 
T2-weighted sequences and is considered highly specific for 
WE. In chronic forms, T2 signal change becomes less 
prominent due to diffuse brain atrophy, more pronounced at 
the level of mesencephalon and mammillary bodies. 


13.9.5 Osmotic Demyelination Syndrome 


Osmotic demyelination syndrome (ODS) usually occurs in the 
setting of osmotic changes, typically with the rapid correction 
of hyponatremia. This causes destruction of the blood-brain 
barrier with hypertonic fluid accumulation in extracellular 
space, resulting in a non-inflammatory demyelination, most 
conspicuously seen in the central pontine fibers [34]. ODS is 
mostly seen in alcoholics with nutritional deficiency, frequently 
in the setting of paralysis, dysphagia, dysarthria, and pseudo- 
bulbar palsy. Once regarded as nearly uniformly fatal, it is now 
recognized that most (~75%) afflicted patients survive and 
more than half show a good functional recovery. Those with 
prior liver transplant have higher mortality and disability rates 
[35]. Rarely, ODS affects other regions, especially basal gan- 
glia, thalami, and deep white matter (extrapontine myelinoly- 
sis). MRI usually shows an area of high signal on T2-weighted 
sequences in the central part of the pons, sparing ventro-lateral 
portions and corticospinal tracts. The lesion is moderately 
hypointense in T1 and may show positive contrast enhance- 
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ment. If the patient survives, the acute phase can evolve into a 
cavitated pontine lesion. 


13.10 White Matter Disease Associated 
with Radiation Therapy 
and Chemotherapy 


Treatment strategies designed to target cancer cells are com- 
monly associated with deleterious effects to multiple organ 
systems, including the CNS. As both radiation and chemo- 
therapy alone can be associated with significant toxicity, the 
combination of the two modalities is particularly harmful, 
particularly in the CNS. With advanced treatment regimens 
and prolonged survival, neurological complications are 
likely to be observed with increasing frequency. 

Neurotoxicity can result from direct toxic effects of the 
drug or radiation on the cells of the CNS, or indirectly 
through metabolic abnormalities, inflammatory processes, or 
vascular adverse effects. Recognition of treatment-related 
neurologic complications is critically important because 
symptoms may be confused with metastatic disease, tumor 
progression, paraneoplastic disorders, or opportunistic infec- 
tions, and discontinuation of the offending drug may prevent 
irreversible CNS injury. 


13.10.1 Radiation Injury and Necrosis 

It is widely accepted that the white matter of the CNS is 
more prone to radiation-induced injury, compared with gray 
matter. Radiation encephalopathy has been classically 
divided into three stages according to its timing after radio- 
therapy: early, early-delayed, and late-delayed reactions 
[36]. Within the first several weeks of therapy, patients may 
experience acute declines with focal neurologic deficits. 
These effects are possibly related to increased edema, which 
has been supported by the observation that steroid treatment 
often results in clinical improvement. Early-delayed adverse 
effects usually occur within 1—6 months of treatment, and are 
thought to be a result of demyelination. This syndrome is 
characterized by somnolence, fatigue, and cognitive impair- 
ment, consistent with dysfunction of the frontal network sys- 
tems. Late-delayed side-effects occur months to years after 
cessation of treatment, commonly associated with progres- 
sive cognitive deficits, and are largely irreversible. In more 
severe cases of late-delayed radiation injury, imaging and 
histopathological studies may demonstrate findings consis- 
tent with leukoencephalopathy and/or focal necrosis. 

In all types of white matter radiation-induced damage, 
imaging studies, most conspicuously on MRI, may demon- 
strate variable degrees of white matter signal changes related 
to an increase in free tissue water in the involved areas. This 
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may result from endothelial damage, causing increased cap- 
illary permeability and vasogenic edema, or from demyelin- 
ation. However, the degree of these white matter changes 
correlates poorly with the observed functional deterioration. 
MRI findings in early reactions occurring during course of 
treatment are nonspecific. MRI may be normal or demon- 
strate poorly defined multifocal lesions in both hemispheres 
that usually disappear spontaneously. MRI in early-delayed 
reactions also may show signal changes involving not only 
the hemispheric white matter but also the basal ganglia and 
the cerebral peduncles, which resolve completely without 
treatment. These early-delayed changes have been reported 
in children with acute lymphocytic leukemia who have been 
treated with both whole brain irradiation and chemotherapy. 
These changes have no correlation with clinical manifesta- 
tions and have no clear prognostic significance. Late-delayed 
reactions can be subdivided into diffuse and focal radiation 
necrosis injury. 

Diffuse radiation injury is characterized by white matter 
changes that are “geographic” in nature, i.e., the areas of 
abnormal signal intensity or attenuation are limited to the 
regions of the brain that conform to the radiation portal. This 
can produce striking differences between the involved zones 
and the spared surrounding white matter. The involved terri- 
tories are often symmetric and do not enhance on post- 
contrast studies. While originally reported in children with 
leukemia, diffuse necrotizing leukoencephalopathy has also 
been observed following treatment for many other malignan- 
cies in both children and adults. The disease may occur fol- 
lowing chemotherapy alone, but the incidence of disease is 
highest when chemotherapy is combined with radiation ther- 
apy. Both the histologic findings and imaging features bear 
resemblance to radiation necrosis. Axonal swelling, demye- 
lination, coagulation necrosis, and gliosis dominate the his- 
tologic picture. 

Diffuse white matter changes, with hypoattenuation on 
CT and T1 and T2 prolongation on MRI, are common and 
often involve an entire hemisphere. Microbleeds can occur 
as a sign of vasculopathy. Radiation-induced leukoencepha- 
lopathy may be associated with progressive brain atrophy, 
and patients may present with cognitive decline, gait abnor- 
malities, and urinary incontinence. However, the more com- 
mon mild-to-moderate cognitive impairment is inconsistently 
associated with radiological findings and frequently occurs 
in patients with normal-appearing scans. More sensitive 
tools (e.g., diffusion tensor imaging) may quantify the early 
and progressive damage to otherwise normal-appearing 
white matter, consistent with radiation-induced demyelin- 
ation and mild structural degradation of axonal fibers. 

Focal radiation necrosis usually manifests as a ring-like 
or irregular enhancing mass located in the white matter, 
which may become hemorrhagic. The classic MRI features 
commonly seen in radiation necrosis include a “soap-bubble” 
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or larger, more diffuse, and variably sized “Swiss cheese- 
like” interior. This pattern reflects diffuse enhancement at the 
margins of the cortex and white matter with intermixed foci 
of necrosis [37]. The rim of enhancement is often thinner, 
more uniform, and more aligned to the gray matter-white 
matter junction than in malignant tumors. As radiation necro- 
sis progresses, it can lead to severe shrinkage of the white 
matter and cortex and result in focal brain atrophy with 
ventriculomegaly. 

Quite frequently, it is impossible to distinguish radiation 
necrosis from recurrent malignant brain tumor, such as 
glioblastoma multiforme, using conventional 
MRI. Metabolic imaging (e.g., positron emission tomogra- 
phy) may facilitate differentiating between the two diseases 
as radiation necrosis is iso-to-hypometabolic while recur- 
rent high-grade tumors are typically hypermetabolic [38]. 
MR spectroscopy may also be useful as radiation necrosis 
frequently shows a characteristic lactic acid peak and near- 
normal peaks for N-acetyl-aspartate and choline while 
recurrent high-grade gliomas typically show elevated cho- 
line levels compared to NAA without or with elevated lac- 
tic acid levels. Perfusion imaging can identify the areas of 
increased blood flow associated with tumor recurrence 
whereas radiation necrosis is not expected to contain any 
increased blood flow [38]. 


13.10.2  Chemotherapy-Associated 
Neurotoxicity 


Neurotoxicity has been observed with virtually all categories 
of chemotherapeutic agents [39, 40]. Neurologic complica- 
tions may range from acute encephalopathy, headache, sei- 
zures, visual loss, cerebellar toxicity, and stroke to chronic 
side-effects, including chronic encephalopathy, cognitive 
decline, and dementia. 

Among the most puzzling aspects of cancer therapy- 
related toxicity is the occurrence of delayed and progressive 
neurological decline, even after cessation of treatment. 
Anticancer agents affect brain function through both direct 
and indirect pathways. It is also conceivable that additional 
variables play important roles, including the timing of treat- 
ment, combination of different treatment modalities, patient 
age, integrity of the blood-brain barrier, and cognitive func- 
tion prior to treatment initiation. 

Imaging studies have provided evidence that structural 
and functional CNS changes occur in a significant number of 
patients treated with chemotherapy. Some agents, such as 
methotrexate or carmustine, are well known to cause a leu- 
koencephalopathy syndrome, especially when administered 
at a high dose, intrathecally, or in combination with cranial 
radiotherapy. Non-enhancing, confluent, periventricular 
white matter lesions, necrosis, ventriculomegaly, and corti- 
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cal atrophy characterize this syndrome. White matter abnor- 
malities following high-dose chemotherapy have been 
detected in up to 70% of treated individuals and usually have 
a delayed onset of several months. 

A delayed leukoencephalopathy syndrome with distinct 
DWI abnormalities on MRI indicative of cytotoxic edema 
within cerebral white matter has been previously described. 
This syndrome appeared to mimic a stroke-like syndrome 
and was seen mainly in patients receiving methotrexate, 
5-fluorouracil (5-FU), carmofur, and capecitabine [41]. It 
has been suggested that this phenomenon may reflect the 
presence of intramyelinic sheath edema or myelin synthesis 
blockade but remains speculative. 


13.11 Vascular Causes of White Matter 
Disease 

13.11.1 Posterior Reversible Encephalopathy 

Syndrome 


Although not a truly demyelinating condition, reversible 
encephalopathy syndrome is noteworthy because of its affin- 
ity for the posterior cerebral white matter territories. Under 
normal circumstances, cerebral perfusion pressure is main- 
tained at a relatively constant level by autoregulation, a phys- 
iologic mechanism that compensates for wide changes in 
systemic blood pressure. Hypertensive encephalopathy is 
believed to result from loss of normal autoregulation (with 
competing regions of vasodilatation and vasoconstriction) 
and endothelial dysfunction. The vessels of the posterior 
cerebral circulation, lacking less sympathetic innervation 
compared to those of the anterior circulation, are unable to 
vasoconstrict in a normal manner and bear the brunt of these 
vascular changes. Reversible vasogenic edema is the result 
and is associated with visual field deficits, as well as head- 
aches, somnolence, and an overall impaired mental status. 
The terms posterior reversible encephalopathy syndrome 
(PRES) and reversible posterior leukoencephalopathy syn- 
drome (RPLS) have been popularized in the literature to 
describe this scenario that is most commonly seen in hyper- 
tensive states and/or the presence of immunosuppression 
(particularly cyclosporine A and tacrolimus), chemotherapy, 
eclampsia, and renal failure. While it commonly involves the 
posterior cerebral white matter, other sites may also be 
affected including unilateral cerebral hemispheric or isolated 
brainstem involvement in patients following aortic valve sur- 
gery [42, 43]. Accordingly, it has been suggested that per- 
haps the terminology should be changed to simply “reversible 
encephalopathy” [44]. 

On MR studies, bilaterally symmetric abnormal T2 hyper- 
intensity, representing vasogenic edema, is most commonly 
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seen in the distribution of the posterior circulation although 
other sites including the frontal lobes and corpus callosum 
may be noted as well. Cortical and subcortical lesions may 
be better detected on FLAIR sequences. DWI may be normal 
or show restricted water diffusion in regions of infarction 
that correlate with poorer prognosis [45]. Susceptibility- 
weighted imaging may show areas of hemorrhage within 
involved territories. With early treatment and limited involve- 
ment of the brain, many of these imaging abnormalities will 
completely resolve and most patients recover within 2 weeks 
[46]. However, when larger areas or regions of infarction are 
involved, permanent neurologic deficits or even death are 
possible. Vascular narrowing has been observed on angio- 
graphic studies. Perfusion studies reported in the literature 
indicate normal to increased perfusion in these zones. When 
biopsies of these regions have been performed, white matter 
edema is seen histologically. 


13.12 Aging and Ischemic Demyelinating 
Disorders 


Small focal lesions on T2-weighted images are quite com- 
mon in the white matter of adult subjects [47]. They are not 
associated with mass effect, do not enhance, and are typi- 
cally isointense compared to normal white matter on 
T1-weighted images. When these lesions have been biop- 
sied, histologic examination reveals a spectrum of findings 
including gliosis, partial loss of myelination, and vasculopa- 
thy. They tend to be located in the deep white matter of the 
centrum semiovale. In contrast to MS, they do not involve 
the corpus callosum or the juxtacortical U-fibers, important 
distinguishing features [3]. Since the lesions are so ubiqui- 
tous and appear to be a part of “normal” aging, various terms 
have been proposed: senescent white matter changes or dis- 
ease, deep white matter ischemia, leukoaraiosis, etc. In gen- 
eral, the more lesions present, the more likely it is that the 
patient will have cognitive problems or difficulties with neu- 
ropsychologic testing. However, it is not possible to predict a 
particular patient’s status simply based on the imaging 
appearance alone. 

In adult patients between 30 and 50 years of age, the pres- 
ence of periventricular and subcortical lesions in a patient 
with a family history of similarly affected relatives should 
raise the possibility of cerebral autosomal dominant arteri- 
opathy with subcortical infarcts and leukoencephalopathy 
(CADASIL). A defect in the notch3 gene on the long arm of 
chromosome 19 has been identified and apparently evokes 
an angiopathy affecting small and medium-sized vessels. 
Most lesions occur in the frontal and temporal lobes and less 
commonly in the thalamus, basal ganglia, internal and exter- 
nal capsules, and brainstem [48]. 


13 Demyelinating Diseases of the CNS (Brain and Spine) 
13.13 Conclusion 


MRI of the brain and spinal cord is of vital importance in the 
diagnosis of MS, the most important idiopathic inflamma- 
tory CNS disorder. Dissemination in space and time on MRI 
is not limited to MS and can occur in NMOSD, and spinal 
cord imaging is important in the differential diagnosis. 
Increasingly, MRI is used to monitor MS treatment and their 
complications such as PML. Numerous other diseases may 
also involve the white matter of the brain and spinal cord but 
can be differentiated from demyelinating disease by clinical, 
imaging, and laboratory features. 


Key Points 

e Age-related white matter changes are extremely 
prevalent and affect the deep white matter with 
sparing of the U-fibers and spinal cord. 

e The McDonald criteria for MS include cortico/jux- 
tacortical, periventricular, infratentorial and spinal 
cord lesions. 

e Longitudinally extensive spinal cord lesions and 
large/atypical brain lesions should prompt antibody 
testing to rule out NMOSD and MOGAD. 

e The differential diagnosis of symmetric white 
lesions includes toxic and metabolic disorders. 
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Abstract 


Children with acute neurological emergencies present to 
the ER with a wide spectrum of symptoms and signs. 
Neuroimaging plays an important role because of limita- 
tions such as gathering an accurate patient history and dif- 
ficulties in performing a detailed neurological examination 
in the ER, particularly in young patients. The goal of this 
chapter is to discuss the neuroimaging findings of the 
most frequent causes of acute emergencies in children, as 
well as of some less frequently encountered entities. 
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e To understand the common acute neurological dis- 
orders in children encountered in the emergency 
room. 

e To learn basic neuroimaging findings of acute pedi- 
atric neurological emergencies. 
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14.1 Introduction 

Neurological emergencies account for about one-third of the 
highest severity codes encountered in the pediatric emer- 
gency department [1]. Children present to the emergency 
room (ER) with a wide range of symptoms, including head- 
ache, fever, nausea, vomiting, altered mental status, coma, 
and physical signs of trauma. Neuroimaging plays an impor- 
tant role because of limitations such as gathering an accurate 
patient history and difficulties in performing a detailed neu- 
rological examination in the ER, particularly in young 
patients. When faced with a child with an acute neurological 
emergency, radiologists have to (1) decide whether neuroim- 
aging is required emergently, (2) choose the most appropri- 
ate imaging modality based on the institutional availability 
and the clinical status of the patient, and (3) consider specific 
issues related to the pediatric age (e.g., higher sensitivity to 
radiation compared to adults, need for sedation or general 
anesthesia, different appearance of the pediatric brain related 
to the age of maturation and development) [2]. 

Computed tomography (CT) is most often the initial neu- 
roimaging modality of choice in acutely ill children. This 
method is widely available and fast, and with modern multi- 
detector CT scanners, it is possible to acquire submillimeter- 
thin cross-sectional images that can be used to render 
multiplanar reformats and three-dimensional (3D) images. 
This allows rapid detection of skull and facial fractures. 
However, the primary disadvantage of CT is that it requires 
ionizing radiation [2]. 

Magnetic resonance imaging (MRI) overcomes CT’s ion- 
izing radiation limitation and also allows superior anatomic 
details and various tissue contrast (especially for the evalua- 
tion of the posterior fossa). It may also give more accurate 
information about the timing and quality of injury. 
Furthermore, MRI can provide multiple advanced and func- 
tional sequences progressively incorporated into acute pedi- 
atric neuroimaging protocols [2]. These advantages make 
MRI the preferred diagnostic modality in children with acute 
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neurological emergencies. Advanced MRI techniques 
include susceptibility-weighted imaging (SWI), diffusion- 
weighted imaging (DWI), diffusion-tensor imaging (DTD, 
magnetic resonance spectroscopy (MRS), and perfusion- 
weighted imaging (PWI) including arterial spin labeling 
(ASL). MRI’s main disadvantage is that it generally requires 
longer scan times, but ultrafast MRI protocols may be con- 
sidered instead of CT in a time-sensitive setting [3]. 

Lastly, among the challenges radiologists face is the con- 
sideration that children are not small adults and pediatric 
neuroimaging differs from adults [4]. When evaluating brain 
MRIs of children, radiologists should be familiar with nor- 
mal variants, congenital or developmental disorders, and 
age-dependent changes to provide reliable differential diag- 
nosis and reduce morbidity and mortality. 

This chapter aims to discuss the neuroimaging findings of 
the most frequent causes of acute emergencies in children as 
well as of some less frequently encountered entities. 


14.2 Stroke 


Arterial ischemic stroke (AIS) is considered a rare entity in 
the pediatric population. However, a lack of familiarity often 
results in delayed diagnosis and high morbidity and mortal- 
ity rates. Compared to adults, stroke in children has different 
risk factors and clinical presentations that affect the diagnos- 
tic approach, management, and outcome. The most relevant 
risk factors include (1) cardiac causes (e.g., congenital heart 
defects, endocarditis, cardiomyopathies, valvulopathies), (2) 
hematological diseases (e.g., sickle cell disease, coagulopa- 
thies), (3) vascular causes (e.g., arteriovenous malformations 
(AVM), arteriopathies), and (4) genetic/hereditary condi- 
tions (e.g., neurofibromatosis type I, Fabry disease) [5]. 
Acute ischemic strokes presenting in the perinatal period are 
a specific subset of vascular injury in term newborns and, 
while they are characterized by different etiologies than in 
older age groups (i.e., placental emboli, coagulopathies), are 
often eventually labeled as idiopathic [6]. 

Acute infarctions may not be visible on ultrasound (US) 
and CT within the first 24 h of the event. In contrast, MRI 
provides high sensitivity in detecting acute stroke in children 
and is considered the preferred imaging modality. DWI and 
ADC mapping sequences are pivotal. Arterial infarcts appear 
hyperintense on DWI and hypointense on ADC maps within 
minutes of occurrence (Fig. 14.la, b). T2*gradient echo 
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(GRE) and SWI are the most sensitive in detecting intracra- 
nial blood and should also be included. Other recommended 
MRI sequences include T1- and T2-weighted images (WI) to 
assess myelination, intra- or extra-axial products, and edema 
[7]. 

Furthermore, combined analysis of DWI/PWI findings 
can identify potentially salvageable brain tissue, i.e., “isch- 
emic penumbra.” The ischemic penumbra appears hypoper- 
fused but does not reveal a matching diffusion restriction 
(DWI/PWI mismatch), unlike the ischemic core which shows 
matching areas of hypoperfusion and restricted diffusion 
(Fig. 14.1c) [8]. 

In addition, MRA of the brain should be performed to 
assess vascular supply, stenosis, or occlusion (Fig. 14.1d). 

Hemorrhagic venous stroke (VS) in the neonatal period 
may occur as a cerebral venous sinus thrombosis (CVST) 
complication. Multiple risk factors include maternal and 
fetal causes (e.g., gestational diabetes, preeclampsia, neona- 
tal sepsis, dehydration, prothrombotic state) [8]. Imaging 
findings may be misleading and include (1) intraventricular 
hemorrhage in a term neonate, (2) thalamic, caudate, or pari- 
etal hemorrhage, and (3) ischemia not respecting an arterial 
distribution [7]. MRI remains the preferred modality to diag- 
nose CVST. The appearance of venous thrombus on T1- and 
T2-WI depends on the age of the clot. T2*GRE and SWI are 
both indicated to detect venous stasis. Along with MRI, mag- 
netic resonance venography (MRV) should be considered in 
the setting of an “unexplained” spontaneous hemorrhage 
(Fig. 14.2) [9]. 

Numerous other neurologic conditions may clinically 
mimic pediatric stroke (e.g., hypoglycemia, hemiplegic 
migraine, seizure, postictal paresis, infection) in up to 20% 
of children with the initial suspicion of acute stroke [9, 10]. 
The high frequency underlines the value of MRI in evaluat- 
ing suspected acute stroke. 


Key Points 

e Neuroimaging is extremely time sensitive in chil- 
dren with suspected ischemic or hemorrhagic 
stroke. 

e MRI with DWI/DTI and ADC sequences is the 
established modality of choice for accurate 
diagnosis. 
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Fig. 14.1 Acute ischemic 
stroke due to focal cerebral 
arteriopathy in a 7-year-old 
girl. (a) Diffusion-weighted 
image and (b) corresponding 
axial ADC map show large 
area of restricted diffusivity in 
the left cerebral hemisphere, 
consistent with ischemic core 
in the territory of the left 
middle cerebral artery 
(MCA). (c) Perfusion- 
weighted image (dynamic 
susceptibility contrast T2*), 
mean transit time map 
colorized map shows larger 
area of reduced perfusion 
(arrows) corresponding to the 
totality of the left MCA 
territory and indicating that a 
large ischemic penumbra of 
potentially salvageable 
nervous tissues exists. (d) 3D 
time-of-flight arterial MR 
angiogram, maximum 
intensity projection reveals 
almost complete obstruction 
of the M1 segment of the left 
MCA 


Fig. 14.2 Straight sinus thrombosis in a 6-year-old boy. (a) Gradient- image shows subacute thrombus in straight sinus (arrows). (ce) MR 
echo T2*-weighted image shows venous infarction involving both thal- | venogram confirms absent flow in straight sinus (dashed arrows) 
ami with a focal hemorrhage on the left side. (b) Sagittal Tl-weighted 
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14.3 Intracranial Hemorrhages 
Excluding head trauma, an important cause of intracranial 
hemorrhages (ICH), spontaneous ICH is a rare, but potentially 
fatal event in childhood [11]. The most common causes of ICH 
include vascular malformations (e.g., AVM, cavernous angio- 
mas, and aneurysms), hematological diseases (e.g., coagulopa- 
thies and thrombocytopenias), brain tumors, and rare entities 
(e.g., Moyamoya disease). In addition, ICH may be observed 
as a complication of AIS and VS. Higher morbidity and mortal- 
ity are seen particularly in infratentorial hemorrhages, aneu- 
rysms, children younger than 3 years, and children with 
underlying hematological disorders [11]. The presenting symp- 
toms are non-specific, especially in children younger than 
3 years of age, including headache, vomiting, impaired con- 
sciousness, convulsions, and focal neurological defects. 
Subacute courses are frequent and result in delayed diagnosis. 
US, CT, and MRI may be used depending on the child’s 
age, clinical presentation, location, and availability. ICH fol- 
lows a well-defined evolution, and neuroimaging appearance 
varies with the stage of hematoma: hyperacute (<12 h), acute 
(12 h to 2 days), early subacute (2—7 days), late subacute 
(8 days to a month), and chronic (more than | month) [12] 
(Table 14.1). 


Table 14.1 Evolution of intra-parenchymal hematoma characteristics 
on CT and MRI 


Hematoma age/ T1-weighted 


phase Ch MRI T2-weighted MRI 
Hyperacute Isodense Iso/ Hyperintense 
(<12 h) hypointense 

Acute Increasing Iso/ Hypointense 

(12 h-2d) density hypointense 

Early subacute Increased Hypointense Hypointense 

(2-7 days) density 

Late subacute Decreasing Hyperintense Hyperintense 
(8d-1m) density 

Chronic (>lm) Hypodense Hypointense Hyperintense 


(hypointense rim) 


h hours, d days, m months 
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On US, exact differentiation between each phase of the 
hematoma is limited. Acute hematomas typically appear as 
iso- or hyperechogenic focal mass lesions. Progressively 
they become centrally hypoechogenic with decreased mass 
effect, and in the chronic stage, hematomas may dissolve, 
leaving a hypoechoic CSF-filled brain defect. 

On CT, early hyperacute hematomas are isodense com- 
pared to normal brain tissue, and consequently it can be dif- 
ficult to identify hyperacute hematomas. However, 
intravenous contrast injection may increase the sensitivity of 
CT in detecting these lesions. Progressive blood clot retrac- 
tion increases the density of hematomas in the early subacute 
phases (Fig. 14.3a), while late subacute hematomas show 
decreasing density due to progressive red blood cell lysis. In 
the chronic phase, progressive hematoma resorption results 
in a hypodense, CSF-filled brain lesion. 

Similar temporal signal changes are observed on MRI 
(Fig. 14.3b-d) depending on (1) magnetic susceptibility 
effects of the evolving blood products and the different oxi- 
dation states of the iron within the hemoglobin, (2) magnetic 
field strength, and (3) applied MRI sequence. T2*GRE and 
SWI should be included due to the paramagnetic susceptibil- 
ity effects of hemosiderin. DWI also shows a well-defined 
temporal evolution of hematomas [12]. Contrast-enhanced 
sequences and MRA and MRV sequences may be used to 
exclude vascular malformations or neoplasms as underlying 
causes of ICH. 


Key Points 

e ICH is a frequent cause of high morbidity and mor- 
tality in children. 

e Depending on the etiology and evolutionary phase 
of the ICH, CT, and MRI imaging characteristics 
change over time. 


14 Child with Acute Neurological Emergency 
Fig. 14.3 Ruptured AVM in 
a 13-year-old boy. (a) Axial 
CT scan shows hyperdense 
hematoma in right frontal 
lobe. (b) Axial T1-weighted 
image and (c) Axial 
T2-weighted image shows 
hematoma is mainly 
T1-hyperintense and 
T2-hypointense, consistent 
with an early subacute phase 
(intracellular methemoglobin) 
and elicits vasogenic edema. 
Notice intraventricular 
penetration, with dependent 
layering in the right occipital 
horn (thin arrow, b and c) 
suggesting more recent 
bleeding (isointense in T1 and 
T2—oxyhemoglobin). Also 
notice prominent vascularity 
consisting of hypertrophied 
anterior and middle cerebral 
artery branches (thick arrows, 
c). (d) 3D TOF MR 
angiogram confirms 
hypertrophied arterial afferent 
converging on to a nidus 
(arrow) 


14.4 Seizures 


Acute seizures are the most common neurologic emergen- 
cies in neonates [13]. Seizures are sudden, uncontrolled 
bursts of electrical activity in the brain that cause changes in 
behavior, movements, and levels of consciousness. The 
increased susceptibility of the neonatal brain is related to 
age-dependent physiologic features of the developing brain 
that lead to increased neuronal excitation and decreased inhi- 
bition. Seizures are most commonly caused by acute brain 
injuries. Hypoxic/ischemic encephalopathy is responsible 
for seizures in up to 90% of full-term newborns [2], followed 
by intracranial hemorrhages, stroke, infections, acute hydro- 
cephalus, electrolyte and metabolic disturbances, leukodys- 
trophies, and congenital CNS malformations [13]. In a 
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minority of children, seizures may be unprovoked and sec- 
ondary to epilepsy. 

Timely and accurate diagnosis is critical for optimizing 
management and determining prognosis. 

Initial assessment includes general physical and neuro- 
logical examination, laboratory tests, and EEG monitoring. 
Neuroimaging is required depending on testing results, and 
MRI without contrast (Fig. ) is the preferred imaging 
modality because it has a superior anatomic resolution and is 
more detailed than CT in assessing potential causative enti- 
ties. Functional MRI provides further information and helps 
localize the epileptogenic foci even in cases where structural 
MRI is normal [14]. In neonates, US may be performed as an 
initial imaging investigation. Neuroimaging is not indicated 
in children with febrile seizures but should be considered for 
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Fig. 14.4 Peri-ictal changes 
in a 15-year-old girl with 
ongoing complex partial 
seizures. (a) Coronal FLAIR 
image shows right 
hippocampal sclerosis. (b) 
Colorized arterial spin 
labeling (ASL) image shows 
markedly increased perfusion 
signal in the anterior temporal 
lobe, which normalized at 
7-day follow-up (not shown) 


complex seizures or new-onset seizures without a febrile ill- 
ness [3]. The aim is to detect focal disorders that need imme- 
diate intervention. 


Key Points 

e Seizures are the most common neurologic emergen- 
cies of children presenting to the ER and EEG is 
mandatory. 

e Neuroimaging should be saved for cases with his- 
tory of long-time seizures with focal onset and focal 
neurological deficits, and in neonates. 


14.5 Trauma 


Traumatic brain injury (TBI) is a leading cause of disability 
and mortality in children. Birth trauma resulting from instru- 
mental delivery is responsible for almost all cases of neonatal 
traumas. In contrast, non-accidental trauma is the most com- 
mon cause of traumatic death in the first 2 years of life. In 
toddlers and adolescents, falls and motor vehicle accidents 
represent the main cause of TBJ [15]. Clinical assessment is 
often challenging, and the emergency work-up requires a 
multidisciplinary approach. Pediatric TBJ may occur because 
of the initial trauma (primary injury) or as a complication of 
it (secondary injury). Secondary injuries are largely prevent- 
able and treatable and imaging plays a key role in limiting 
their extension [15]. 

Primary injuries can be extra-cranial (epidural, subdural 
hemorrhage, subarachnoid, and intraventricular hemor- 
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rhage), intra-axial (cortical contusion, intracerebral hema- 
toma, and diffuse axonal injury), or vascular (carotid 
cavernous fistula, arteriovenous dural fistula, vascular dis- 
section, and pseudoaneurysm) (Fig. 14.5). Secondary inju- 
ries may be acute (diffuse cerebral edema, brain herniation, 
and infection) or chronic (hydrocephalus, encephalomalacia, 
cerebrospinal fluid leak, and leptomeningeal cyst). Multiple 
imaging modalities are currently available depending on the 
type, quality, degree, and time of injury. The minimal stan- 
dard MRI protocol includes (1) sagittal 3D T1WI, which 
allows multiplanar reconstruction, (2) axial T2WI, (3) axial 
DWI or DTI sequence, and (4) axial SWI sequence from the 
skull base to the vertex [16]. 

In an emergency setting, the presence of hemorrhages of 
different ages, retinal hemorrhages, change or inconsistency 
in the reported trauma history, delay in seeking medical care 
by the caregivers, overall poor care, or when the encountered 
imaging findings are inconsistent with the trauma history, 
non-accidental head trauma should be suspected. The most 
common mechanisms of injury in abusive head trauma 
include blunt impact, acceleration/deceleration injuries, neck 
strangulation, and chest compression that may lead to 
reduced blood flow and consequent brain ischemia 
(Fig. 14.6). In the setting of accidental and non-accidental 
trauma, elevated lactate, reduced N-acetyl aspartate, and 
elevated choline/related compounds on MRS have been 
demonstrated to indicate poor outcomes by some authors 
[17]. 

Further diagnostic workup should include spinal cord 
injuries, but this topic will be covered in a separate paragraph 
dedicated to spinal emergencies. 


14 Child with Acute Neurological Emergency 
Fig. 14.5 Accidental head 
trauma. (a) Axial gradient- 
echo T2*-weighted image in a 
3-year-old girl shows epidural 
hematoma; notice typical 
biconvex shape of the blood 
collection (arrows). (b) Axial 
susceptibility-weighted image 
in a 3-year-old boy who was 
in a motor vehicle accident 
shows large hemorrhagic 
(thick arrows) and punctate 
(thin arrow) areas of traumatic 
axonal damage 


Fig. 14.6 Abusive head trauma in a 2-month-old boy who was found 
unresponsive. (a) Axial CT scan shows diffuse cerebral edema with loss 
of demarcation between gray and white matter; mixed density subdural 


Key Points 

e Trauma is a leading cause of disability and mortal- 
ity in children and depending on the etiology of TBJ 
and age of the child, CT and MRI are the primary 
modality of choice. 

e It is important to keep in mind child abuse when 
dealing with trauma in children in an emergency 
setting. Particularly, in presence of delay in medical 
care, overall poor care, or when the encountered 
imaging findings are inconsistent with the trauma 
history. 
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hematoma with hyperdense components (arrows) are seen bilaterally. 
(b) Diffusion-weighted image and (c) corresponding ADC map confirm 
diffuse cytotoxic edema with profoundly restricted diffusion 


14.6 Infections 

Infections of the central nervous system (CNS) can be life- 
threatening if not promptly diagnosed and treated. When a 
child presents to the ER with non-specific signs and symp- 
toms, including headache, fever, altered mental status, and 
behavioral changes, CNS infections should be suspected and 
considered in the differential diagnoses [18]. In an emer- 
gency setting, in conjunction with medical history and clini- 
cal and laboratory findings, neuroimaging accurately 
determines brain involvement and suggests the diagnosis in 
cases where this has yet to be established [19]. 
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Fig. 14.7 Bacterial meningoencephalitis in a 7-year-old girl. (a) Axial 
post-contrast FLAIR image shows enhancement of the right frontal 
subarachnoid spaces, consistent with arachnoiditis. (b) Axial diffusion- 
weighted image and (c) corresponding ADC map reveal restricted dif- 


Meningitis is the most common form of CNS infection, 
and bacterial meningitis is usually associated with a higher 
morbidity and mortality than viral meningitis [18, 19]. Group 
B streptococcus and Neisseria meningitidis are the most 
common causative bacteria in the neonatal period and in 
children older than 2 years, respectively [19]. In most cases, 
meningitis occurs by hematogenous spread from bacterial 
infection outside the CNS. However, it may also develop 
from an adjacent infective focus (e.g., sinusitis, mastoiditis), 
or direct invasion after a skull fracture. 

The diagnosis of meningitis is clinical and based on labo- 
ratory analysis. A lumbar puncture demonstrating increased 
white blood cells in the CSF confirms the diagnosis. 
Neuroimaging is generally used to evaluate complications, 
including hydrocephalus, subdural effusion, empyema, cere- 
britis, brain abscess, and infarctions (including strokes sec- 
ondary to vasculitis). MRI is the modality of choice and 
T1- and T2WI, fluid-attenuated inversion recovery (FLAIR), 
SWI, and DWI are especially helpful in evaluating the full 
extension of CNS affection [2] (Fig. 14.7). 

Cerebritis and brain abscesses typically present with focal 
neurological deficits, seizures, visual defects, personality 
changes, and more generic symptoms (e.g., fever, headache, 
nausea/vomiting). Classic MR imaging findings of an 
abscess include a contrast-enhanced rim surrounding a 
necrotic core. They appear hyperintense on T1 WI, hypoin- 
tense on T2 WI, and show true restricted diffusion on DWI 
(Fig. 14.8). 

Pyogenic ventriculitis is a life-threatening form of infec- 
tion. Contrast-enhanced MRIs typically show ependymal 


fusion affecting the right frontal lobe (thick arrow), suggesting 
cerebritis. Also notice restricted diffusion of the dura along the falx 
(thin arrows) 


enhancement (Fig. 14.9) and restricted diffusion on DWI 
with reduced ADC values, especially if pus is collecting 
within the ventricles [20]. 

Subdural empyema is an infected fluid collection between 
the dura and arachnoidea. It is a neurologic emergency that 
can progress rapidly, increasing intracranial pressure and 
leading to coma and death within 24—48 h. They appear 
hyperintense on T2WI, isointense on T1 WI and show periph- 
eral enhancement [3] (Fig. 14.10). 

Acute viral encephalitis is the most common type of 
encephalitis and often occurs with meningeal involvement 
[21]. It is caused by direct cytotoxic neurotropic action of 
viruses that reach the CNS by hematogenous spread or retro- 
grade axonal transport. 

Herpes simplex virus (HSV) type | is the most common 
causative agent [3]. Infection predominately affects the lim- 
bic system, particularly the medial temporal and inferior 
frontal lobes [22]. MRI is superior to CT in detecting the 
often-subtle edema involving the limbic system in the initial 
stages (Fig. 14.11). In later stages, progressing edema and 
hemorrhagic necrosis are seen in the hippocampus, cingulate 
gyrus, and insular and frontobasal regions [19]. Gyral swell- 
ing and edema appear hypointense on TWI, hyperintense on 
T2W- and FLAIR images, and show restricted diffusion on 
DWI. It is important to note that the enhancement on DWI 
may disappear within 2 weeks, whereas the hyperintense sig- 
nal on T2W/FLAIR images may last longer [19]. 

HSV type 2 encephalitis occurs more often in neonates 
and immunocompromised patients. Imaging findings of 
HSV-2 encephalitis are much less uniform, and lesions can 
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Fig. 14.8 Pyogenic abscess in an 8-year-old boy. (a) Axial post- ADC map show profoundly restricted diffusion consistent with a pyo- 
contrast Tl-weighted image shows ring-enhancing mass in the right genic core. Notice marked vasogenic edema surrounding the abscess, 
frontal lobe. (b) Axial diffusion-weighted image and (c) corresponding characterized by increased diffusion 


Key Points 

e The diagnosis of uncomplicated meningitis is based 
on laboratory testing and neuroimaging is limited to 
evaluate threating complications including empy- 
ema or parenchymal infections. MRI is the diagnos- 
tic modality of choice. 

e Acute viral encephalitis is most commonly caused 
by HSV type 1 and neuroimaging shows typical 
lesions involving the limbic system on initial stages. 


Fig. 14.9 Ventriculitis in a 1-day preterm newborn. Axial post-contrast 
enhancement shows diffuse ependymal enhancement. Also notice 
enhancing subarachnoid spaces due to concurrent meningitis 


be either multifocal or limited to the temporal lobes, cerebel- 
lum, or brainstem [23]. Watershed distribution ischemic 
injury may be described in areas remote from the primary 
herpetic lesions (Fig. ). Hemorrhage is less often com- 
pared with HSV-1 encephalitis [24]. 
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Fig. 14.10 Subdural empyema in a 9-year-old boy presenting with along the surface of the right frontal lobe. (b) Axial diffusion-weighted 
fever and convulsions. (a) Axial post-contrast Tl-weighted image image and (c) corresponding ADC map shows the subdural collection 
shows enhancing arachnoid (arrows) underlying a subdural collection gives restricted diffusion consistent with a pyogenic collection 


Fig. 14.11 Encephalitis due to herpes simplex virus-1 in a 3-year-old tense cortex in the right mesial temporal lobe and insula. (b) Axial 
boy presenting with seizures, hemiparesis, and impairment of con-  diffusion-weighted image and (c) corresponding ADC map show 
sciousness. (a) Coronal T2-weighted image shows swollen, hyperin- restricted diffusion in the involved cortex 
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Fig. 14.12 Encephalitis due 
to herpes simplex virus-2 in a 
15-day newborn presenting 
with seizures. (a) Axial 
diffusion-weighted image and 
(b) corresponding ADC map 
show multifocal areas of 
restricted diffusion involving 
the cortical gray matter of 
both cerebral hemispheres. (c) 
Coronal T2-weighted image is 
unrevealing; however, (d) 
coronal T2-weighted image 
obtained after 1 month reveals 
severe brain damage with 
extensive cortico-subcortical 
liquefaction 


14.7 Metabolic and Toxic Imbalances 


Neurometabolic imbalances are characterized by acute onset 
in a previously healthy child, and manifest with progressive 
and rapid worsening of the symptoms. Laboratory testing is 
fundamental and neuroimaging may provide further infor- 
mation to diagnose or evaluate the degree of brain injury and 
estimate the prognosis. 

Diabetic ketoacidosis (DKA) is a serious complication in 
children with type 1 diabetes that may lead to significant 
long-term neurological morbidity or mortality. Neuroimaging 
typically shows brain edema and, in severe cases, may cause 
focal stroke and subfalcine or transtentorial brain herniation. 
Focal infarctions typically occur in the mesial basal ganglia, 
thalamus, periaqueductal gray matter, and dorsal pontine 
nuclei [25] (Fig. J: 

Methotrexate (MTX)-induced leukoencephalopathy is an 
adverse neurologic effect that may occur in children with 
leukemia after receiving MTX both intravenously and intra- 
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thecally [26]. Children may present with stroke-like symp- 
toms, including headache, confusion, lethargy, seizures, 
transient paresis, aphasia, and dysarthria. MRI shows diffuse 
T2/FLAIR hyperintensities in the deep white matter of the 
centrum semiovale and initial sparing of the subcortical 
U-fibers (Fig. ). DWI will often demonstrate cytotoxic 
edema as areas of restricted diffusion across multiple vascu- 
lar territories in the involved regions. These lesions typically 
resolve once MTX is withdrawn [27]. 

Osmotic demyelination syndrome (ODS) is an acute 
demyelination process associated with electrolyte imbal- 
ance. Most frequently, it occurs after too rapid medical cor- 
rection of hyponatremia and is rare in children. It may 
present with central pontine myelinolysis (CPM) or extra- 
pontine myelinolysis (EPM). On MRI, CPM shows 
T2-hyperintensity in the central pons, with sparing of the 
ventrolateral pons, tegmentum, and corticospinal tracts. This 
produces a characteristic trident-shaped, bat-winged, or pig- 
let appearance. The lesion is hypointense on T1 with no mass 
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Fig. 14.13 Diabetic ketoacidosis in a 1-year-old boy presenting with (arrows). (c) Axial T2-weighted image shows corresponding mild, ill- 
impaired consciousness. (a) Axial diffusion-weighted image and (b) defined hyperintensity 
corresponding ADC map reveal reduced diffusivity in both thalami 


effect. In EPM, lesions are usually bilateral and noted over 
cerebellar peduncles, globus pallidus, thalamus, lateral 
geniculate body, putamen, external and extreme capsule, 
splenium of corpus callosum, and supratentorial white mat- 


ter [27] (Fig. J, 


Key Points 

e In children with toxic/metabolic imbalances, along 
with laboratory testing, neuroimaging may provide 
further information to make the diagnosis and to 
evaluate the degree of brain injury and estimate the 
prognosis. 

e Localization of the lesions depends on the etiology 
and MRI is typically the diagnostic modality of 
choice. 


Fig. 14.14 Acute toxic leucoencephalopathy in a 9-year-old girl with 
relapse of acute myeloid leukemia treated with methotrexate and intra- 
thecal steroids. Axial FLAIR image shows ill-defined, partially conflu- 
ent, mostly symmetric hyperintense areas involving the deep white 
matter of the bilateral centrum semiovale 


14 Child with Acute Neurological Emergency 


Fig. 14.15 Extrapontine 
myelinolysis in a 2.5-year-old 
patient with recent 
hypothalamic surgery and 
presenting with diabetes 
insipidus and hyponatremia. 
(a) Axial diffusion-weighted 
image and (b) corresponding 
ADC map shows extensive 
areas of restricted diffusion at 
level of the subcortical white 
matter bilaterally. Complete 
resolution was noted at 
6-month follow-up (not 
shown) 


14.8 Autoimmune Pathologies 


Acute disseminated encephalomyelitis (ADEM) is an 
immune-mediated inflammatory disease characterized by 
perivenular lymphocytic inflammation with acute demyelin- 
ation in the CNS that occurs 1-3 weeks following an upper 
respiratory infection or vaccination. It is a monophasic dis- 
ease with sudden onset, causing rapidly progressive impair- 
ment of consciousness and multifocal neurologic symptoms. 
Brain MRI shows focal or multifocal, patchy, and bilateral 
T2W and FLAIR hyperintense areas, mainly affecting the 
basal nuclei and white matter [3, 19] (Fig. 14.16). The cere- 
bellum and spinal cord may also be involved, but these rarely 
present as isolated lesions without an accompanying lesion 
in the brain [28]. Acute hemorrhagic encephalomyelitis 
(AHEM) is a hyperacute variant of ADEM that rapidly pro- 
gresses to coma and may be fatal. Similarly to ADEM, 
AHEM occurs in response to a preceding infection or immu- 
nization and presents with symmetric multifocal neurologic 
deficits, headache, and seizures [29]. 

ADEM is typically a diagnosis of exclusion; therefore, 
demyelinating disorders, particularly multiple sclerosis 
(MS), and myelin oligodendrocyte glycoprotein-associated 
disease (MOGAD) should be considered in the differential 
diagnosis. 

MS most commonly affects adults, whereas ADEM pres- 
ents at an early age. Furthermore, follow-up MRIs in MS 
usually demonstrate new and often asymptomatic demyelin- 
ating lesions [30]. 

Neuromyelitis optica spectrum disorder (NMOSD) is an 
inflammatory disorder of the CNS characterized by severe, 
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immune-mediated demyelination, and axonal damage pre- 
dominantly targeting optic nerves and the spinal cord. Serum 
titer of anti-aquaporin-4 antibodies is an important bio- 
marker for the diagnosis. However, MRI also plays an impor- 
tant role in the differential diagnosis of NMOSD, particularly 
with MS. Longitudinally extending myelitis (>3 vertebral 
segments) appears hyperintense on T2WI and hypointense 
on TIW sequences. In most cases, it involves the cervical 
and upper thoracic spinal cord segments with a central gray 
matter predominance [31] (Fig. 14.17a, b). Optic nerve 
sheath thickening, with T2-hyperintensity and gadolinium 
enhancement on Tl-weighted sequences (Fig. 14.17c) has 
been described in both NMOSD and MS. In contrast to MS, 
in NMSOD, the optic nerve involvement is typically bilateral 
and lesions are seen in the optic chiasm as well. Brain lesions 
include periependymal T2- and FLAIR hyperintense dience- 
phalic lesions surrounding the third ventricles and cerebral 
aqueduct, dorsal brainstem lesions adjacent to the fourth 
ventricle, periependymal lesions surrounding the lateral ven- 
tricles as well as hemispheric white matter and corticospinal 
tracts involving lesions [31]. 


Key Points 

e Children with autoimmune CNS diseases may pres- 
ent to the ER with acute signs and symptoms. 

e In addition to CSF and serum laboratory findings, 
brain and spinal cord MRI is helpful to differentiate 
MS from ADEM and NMSOD. 
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Fig. 14.16 Acute 
disseminated 
encephalomyelitis (ADEM) in 
a 2-year-old girl presenting 
with reduced consciousness 

2 weeks after an upper airway 
infection. (a) Axial FLAIR 
image and (b) coronal 
T2-weighted image show 
hyperintense signal involving 
the striatum bilaterally 


Fig. 14.17 Neuromyelitis optica in a 10-year-old boy presenting with 
tetraparesis and visual impairment. (a) Sagittal T2-weighted image and 
(b) post-contrast sagittal Tl-weighted image shows swollen, hyperin- 


14.9 Acute Facial Nerve Palsy 


Facial nerve palsy (FNP) is frequently presented in pediatric 
emergency departments. Bell’s palsy is an idiopathic or 
potentially post-viral peripheral form of FNP and constitutes 
the most common cause of FNP in the pediatric population 
[32]. Other causes include (1) infectious diseases (e.g., otitis 
media, mastoiditis, Herpes Zoster, Lyme disease); (2) neo- 
plasms/malignancies (e.g., posterior fossa tumors, parotid 
gland tumors, leukemia, lymphoma); (3) trauma/nerve com- 
pression (perinatal trauma, temporal bone fractures, otic 
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tense cervico-thoracic spinal cord with irregular enhancement. (c) Post- 
contrast, fat-suppressed coronal Tl-weighted image shows enhancing 
intraforaminal segment of the left optic nerve 


barotrauma); (4) congenital (facial nerve malformation, car- 
diofacial syndrome), (5) inflammatory; and (6) metabolic 
disorders [33]. FNP results from a peripheral lesion of the 
facial nerve or a central lesion involving the upper motor 
neuron due to damage above the facial nucleus. Clinical 
symptoms include immobility of the brow, incomplete lid 
closure, drooping of the corner of the mouth, impaired clo- 
sure of the lips, dry eye, hyperacusis, impaired taste, and 
pain around the ear [34]. 

Bell’s palsy is an exclusion diagnosis, and imaging is not 
typically required to confirm the diagnosis. Imaging is indi- 
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Fig. 14.18 Facial neuritis in a 9-year-old girl presenting with periph- 
eral facial paralysis. Post-contrast axial Tl-weighted image shows 
enhancement of geniculate and tympanic segments of right facial nerve 


cated only in the presence of symptoms inconsistent with 
Bell’s palsy, such as progressive onset or paralyses, multiple 
cranial nerve involvement, no signs of recovery after 
3/6 months from the onset, recurrent paralysis, suspected 
malignancy, or in traumatic cases [33, 35]. Contrast- 
enhanced CT and MRI are beneficial in these cases, allowing 
evaluation of all portions of the facial nerve [33, 36] 
(Fig. 14.18). 


Key Points 

e FNP is a frequent presentation in pediatric emer- 
gency department and, idiopathic FNP (Bell’s 
palsy) constitutes the most common cause of FNP 
in children. 

e Bell’s palsy is an exclusion diagnosis and neuroim- 
aging is indicated only in the presence of recurrent 
paralysis, suspected malignancy, progressive onset, 
and multiple cranial nerve involvement. 


14.10 Hydrocephalus 


Hydrocephalus in children can occur due to CSF overpro- 
duction, obstruction of the CSF flow (communicating and 
non-communicating type), or decreased CSF absorption due 
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to dysfunctional Pachionic granulations. Pediatric patients 
may present to the emergency department with symptoms 
related to acute hydrocephalus or secondary to the complica- 
tions of shunted hydrocephalus. Clinical presentation varies 
with age and includes irritability, vomiting, and bulging of 
the fontanelle in infants. In older children, headache, vomit- 
ing, diplopia, or papilledema can be seen [37]. Neuroimaging 
is necessary to identify the underlying causes, and MRI is the 
diagnostic modality of choice. Recommended sequences 
include axial thin-section T2WI, followed by coronal and 
sagittal reconstruction [3]. The most common imaging find- 
ings (Fig. 14.19) include (1) ventriculomegaly, (2) enlarge- 
ment of the third ventricular recesses and lateral ventricular 
and/or temporal horns, (3) decreased mamillopontine dis- 
tance and frontal horn angle, (4) thinning and elevation of the 
corpus callosum, (5) normal or narrowed cortical sulci, (6) 
periventricular white matter interstitial edema, and (7) aque- 
ductal flow void phenomenon on T2W images (a sign of 
communicating hydrocephalus) [38]. 

Complications of shunted hydrocephalus include infec- 
tions and shunt malfunctions. CT is often the primary imag- 
ing modality because it is readily available and can assess the 
length of the shunt catheter, the causes of the obstruction and 
the site of tubing disconnections or migration [3]. Scout 
views can be useful for detecting possible shunt disconnec- 
tions below or outside the scanned region that may be missed 
on axial or reconstructed cross/sectional CT images [39]. 

CSF cultures are usually sufficient for the diagnosis in 
children with infections due to a shunted hydrocephalus. 
Imaging may be indicated in children that along with fever, 
altered mental status, nausea, and vomiting, present with 
abdominal symptoms from a peritoneal CSF pseudo-cyst. 
Abdominal US or CT are helpful in these cases [2]. 


Key Points 

e Children may present to the ER with acute finding 
of hydrocephalus or complications of shunted 
hydrocephalus including shunt malfunction and 
infection. 

e MRI and CT are useful to differentiate the 
etiology. 
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Fig. 14.19 Obstructive hydrocephalus in a 1-year-old girl with Chiari 
I deformity presenting with severe headache and a large head. (a) Axial 
T2-weighted image shows marked ventriculomegaly with periventricu- 
lar edema (asterisks) suggesting an unbalanced condition which may 
herald rapid clinical deterioration. (b) Coronal Tl-weighted image 
shows commensurate dilatation of the temporal and frontal horns, an 


14.11 Drowning/Near Drowning 


Anoxic brain injury is a well-known consequence of drown- 
ing and may cause severe lifelong neurologic disabilities or, 
in severe cases, death. Irreversible injury of the hippocampi, 
basal ganglia, and cerebral cortex have been demonstrated 
within 4—10 min following the anoxic event. Therefore, early 
imaging is important for prompt detection of injuries and 
treatment. CT is useful to detect head and neck trauma, cere- 
bral edema, and loss of white matter differentiation; how- 
ever, a normal appearing brain parenchyma on early CT does 
not exclude brain injury. DWI/DTI with ADC mapping on 
MRI imaging improves the ability to detect brain injuries 
within minutes of the incident and predict the outcome. 
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important element in the differentiation from ex-vacuo ventriculomeg- 
aly. (c) Sagittal T2-weighted image shows marked ectasia of the third 
ventricle, prominently including the anterior recesses (asterisk); the 
aqueduct is patent as shown by flow artifact (arrow), while the cerebel- 
lar tonsils are protruded into the foramen magnum (arrowhead) 


Cortical and deep brain DWI abnormalities, and lower ADC 
values are associated with poor outcomes (Fig. 14.20). MRS 
best predicts outcome 3—4 days after drowning [40]. 


Key Points 

e Pediatric brain is extremely sensitive to hypoxia 
and irreversible brain injury develops within 
4—10 min after drowning. 

e DWI/DTI and ADC mapping on MRI are the most 
useful sequences to detect brain injuries in children 
after drowning. 
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Fig. 14.20 Near drowning in an 8-year-old boy. (a) Axial diffusion- 
weighted image and (b) corresponding ADC map show restricted diffu- 
sion in the bilateral caudate nucleus, putamen, thalamus, and occipital 


14.12 Spinal Cord Emergencies 


Spinal cord emergencies manifest with acute onset of upper 
and/or lower extremity symptoms (paresis/paralysis), sphinc- 
ter dysfunction, difficulty walking, and paresthesias in the 
extremities. Trauma is the most common etiology for pediat- 
ric spinal emergencies; other causes include infectious and 
inflammatory diseases and, more rarely, neoplasms and vas- 
cular emergencies [41]. 

Pediatric spinal trauma is often secondary to motor vehi- 
cle accidents, sports-related injuries, falls, and child abuse 
[42]. Injury location depends on the age of the patients (more 
often cervical spine due to anatomic differences in the devel- 
oping spine) [41] and on the injury mechanism (L2-L4 lev- 
els in seat-belt flexion-distraction injury) (Fig. 14.21). CT is 
typically the first imaging study to be performed, and multi- 
planar reconstructions of the spine show fractures and dislo- 
cations with high sensitivity. MRI is necessary to detect 
spinal cord injuries, epidural hematomas, and intramedullary 
hemorrhages and allows a better depiction of the adjacent 
soft tissue [16]. 

Apart from ADEM, NMOSD, or MS that may involve the 
spine (previously described), acute spine inflammatory dis- 


cortex. (c) Axial FLAIR image after 3 months shows profound cerebral 
atrophy and residual signal changes in the putamen, optic radiations, 
and calcarine cortex bilaterally 


eases include Guillain-Barre syndromé. It is a demyelinating 
polyradiculopathy, typically preceded by Campylobacter 
and Cytomegalovirus infection. MRI demonstrates non- 
nodular enhancement of the spinal nerve roots, particularly 
of the cauda equine (Fig. 14.22). Similar lesions and 
T2-hyperintensities in the anterior spinal cord gray matter 
are found in acute infection from West Nile virus, too. It 
results in extremity weakness due to viral tropism for the 
anterior horn cells of the spinal cord [41]. 


Key Points 

e Trauma is the leading cause of spinal acute emer- 
gencies in pediatric population followed by infec- 
tious and inflammatory diseases. 

e CT is typically the first imaging study to be per- 
formed showing fractures and dislocations with 
high sensitivity. MRI is necessary to detect spinal 
cord injuries, epidural hematomas, intramedullary 
hemorrhages, and allows a better depiction of the 
adjacent soft tissue. 


Fig. 14.21 Chance fracture due to seat-belt injury in a 7-year-old boy. 
(a) Sagittal Tl-weighted image and (b) sagittal T2-weighted image 
show posteriorly dislocated L2 vertebral body and underlying L2-3 
disc with resulting kyphosis and extensive intraspinal hemorrhage, 
involving both the spinal cord and thecal sac 


Fig. 14.22 Guillain-Barré 
syndrome in an 8-year-old 
boy presenting with lower 
limb hypotonia and 
hyporeflexia. (a) Sagittal and 
(b) axial post-contrast 
fat-suppressed T1-weighted 
images show enhancing cauda 
equina nerve roots 
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14.13 Conclusion 


Children with acute neurological emergencies present to the 
ER with a wide spectrum of symptoms and signs. Several 
challenges are faced by radiologists. Firstly, they should 
decide if neuroimaging is required emergently. Typically, 
neuroimaging is necessary in cases where it is difficult to 
gather good and reliable patient history or adequate physical/ 
neurological examination. Secondly, radiologists must be 
able to choose the most appropriate imaging modality. CT 
and MRI are used most often in the emergency setting. 
Lastly, radiologists should be familiar with the age-specific 
anatomy and maturational changes related to the pediatric 
age in order to provide reliable differential diagnosis and 
prompt patient management. 


Take-Home Messages 

e Children with acute neurological emergencies may 
present to the ER with non-specific symptoms or 
subtle findings. 

e Radiology is an integral part of the ER and the 
choice of the appropriate imaging modality depends 
on the symptoms, age of the patient, and institution 
availability. 

e Radiologists should be familiar with the CNS bio- 
logic and morphologic changes related to the pedi- 
atric age in order to provide reliable differential 
diagnosis and prompt patient management. 
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Abstract 


Tinnitus and hearing loss in the adult can have profound 
effects on quality of life. The imaging workup for tinnitus 
and hearing loss in adults follows otoscopic exam and 
audiometry testing. CT and MR imaging have different 
and often complimentary roles in the evaluation of tinni- 
tus and hearing loss, depending on the clinical scenario 
and the suspected underlying etiology. Imaging can often 
identify the cause and evaluate the extent of disease for 
surgical planning. This article discusses anatomy, imag- 
ing techniques, and pathologies that cause tinnitus and 
hearing loss with a mass and without a mass. 
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Learning Objectives 

e Identify key anatomical structures in the temporal 
bone. 

e Describe the role of CT and MRI for temporal bone 
imaging. 

e Differentiate between diseases of the temporal bone 
on imaging and describe their clinical presentation. 
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Key Points 

e Imaging can identify the cause and evaluate the 
extent of disease for surgical planning. 

e The common causes of tinnitus and hearing loss 
without a mass include otospongiosis, labyrinthitis 
ossificans, superior semicircular canal dehiscence, 
and enlarged vestibular aqueduct syndrome. 

e Otospongiosis affects the bony labyrinth while lab- 
yrinthitis ossificans affects the membranous 
labyrinth. 

e Vestibular schwannomas often present with non- 
pulsatile tinnitus and high frequency sensorineural 
hearing loss. 


15.1 Introduction 

Tinnitus and hearing loss in the adult can have profound 
effects on quality of life. Tinnitus is relatively common, with 
an estimated prevalence of 10-15%, severely impairing 
approximately 1-2% of all people [1]. Tinnitus is the percep- 
tion of sound when no external sound is present and may be 
described as ringing, buzzing, swishing, or clicking sensa- 
tions. Hearing loss is also common, causing disability in 
approximately 5% of the world population is indeed “com- 
mon” and it is indeed referred to as one of the most common 
disabilities [2]. Hearing loss has several diverse causes and 
ranges from a partial to total inability to hear sounds. Hearing 
loss and tinnitus can occur concurrently or in isolation. The 
role of imaging is to help identify the etiology of these symp- 
toms and evaluate the extent of disease. 
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15.2 Causes of Tinnitus and Hearing Loss 


15.2.1 Tinnitus 


Tinnitus may be categorized as (1) pulsatile or non-pulsatile, 
(2) primary (idiopathic) or secondary (due to another condi- 
tion), and (3) subjective or objective. Evaluation of tinnitus 
begins with otoscopic examination to evaluate for a vascular 
retro-tympanic mass, audiometric examination, and a review 
of the patient’s medical history and medications. This evalu- 
ation helps to determine if imaging is necessary and if so, 
what study or studies are indicated. 


15.2.1.1 Pulsatile Tinnitus 

Causes include vascular masses (glomus tympanicum), aber- 
rant arterial or venous anatomy, vascular malformations, and 
intracranial hypertension. Objective tinnitus (auscultation of 
a bruit on physical examination) is uncommon and has been 
attributed to turbulent flow in the setting of dural fistulas, 
atherosclerotic carotid artery disease, jugular bulb abnormal- 
ities, and large condylar or mastoid emissary veins. 


15.2.1.2  Non-pulsatile Tinnitus 

Causes include cerumen impaction, middle ear infection, 
mass, medications, noise-induced hearing loss, presbycusis 
or chronic bilateral hearing loss, hemorrhage, neurodegen- 
eration, and spontaneous intracranial hypotension. 


15.2.2 Hearing Loss 


Clinical assessment and audiometric testing can determine 
the type of hearing loss as conductive, sensorineural, or 
mixed and guide subsequent diagnostic imaging. Conductive 
hearing loss results from diseases affecting the conduction of 
mechanical sound wave energy to the cochlea. Sensorineural 
hearing loss is caused by diseases that impair the cochlear 
function or the transmission of electrical signal along the 
auditory pathway. 


15.2.2.1 Conductive Hearing Loss 

Causes include otospongiosis (commonly a mixed conduc- 
tive/sensorineural loss), ossicular erosion or fusion, round 
window occlusion, dehiscence of the superior semicircular 
canal, and cholesteatoma or neoplasm with suspected intra- 
cranial or inner ear extension. 


15.2.2.2 Sensorineural Hearing Loss 
Causes include labyrinthine ossificans, vestibular schwan- 
noma, and fractures extending across the otic capsule. 
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15.3 Anatomy 


The temporal bone is comprised of five parts: the petrous, 
tympanic, mastoid, styloid, and squamous segments. The 
petrous, tympanic, and mastoid segments form the external 
auditory canal, middle ear, inner ear, and internal auditory 
canal. These are the most relevant areas to review for hearing 
loss and tinnitus. 


15.3.1 External Auditory Canal 


The external auditory canal (EAC) extends from the auricle 
to the tympanic membrane. The lateral one third of the EAC 
is fibrocartilaginous, while the medial two-thirds are sur- 
rounded by the tympanic portion of the temporal bone. 


15.3.2 Middle Ear 


The middle ear cavity contains the ossicular chain which 
conducts sound from the tympanic membrane laterally, to 
the oval window and inner ear structures medially. The roof 
of the middle ear is the tegmen tympani and the jugular wall 
is the floor. The middle ear can be subdivided into the epi- 
tympanum (attic) superior to the level of the tympanic mem- 
brane, mesotympanum at the level of tympanic membrane, 
and hypotympanum inferior to the level of tympanic mem- 
brane. The epitympanum communicates with the mastoid via 
the aditus ad antrum. 

The mesotympanum contains the majority of the ossicu- 
lar chain. The ossicular chain is composed of three bones: 
the malleus, incus, and stapes. Since the stapes is anchored to 
the oval window, a mnemonic for the order of the ossicles is 
“MISO” representing Malleus, /ncus, Stapes, and Oval win- 
dow. The manubrium of the malleus is attached to the tym- 
panic membrane, and the head of the malleus articulates with 
the body of the incus in the epitympanum forming the incu- 
domalleolar joint, which has a characteristic “ice cream 
cone” configuration on axial sections. The lenticular process 
of the incus extends at approximately a right angle from the 
long process of the incus to articulate with the capitulum 
(head) of the stapes, forming the incudostapedial joint. 

An important middle ear structure is the scutum, an angu- 
lar bony projection to which the tympanic membrane attaches 
superiorly. Prussak space or the lateral epitympanic space, 
the location for pars flaccida cholesteatomas, is bounded by 
the scutum laterally and the neck of the malleus medially. 
The posterior wall of the middle ear is irregular and includes 
the sinus tympani, pyramidal eminence, and facial recess. 
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15.3.3 Inner Ear 


The inner ear consists of the osseous labyrinth, which 
includes the cochlea, vestibule, and semicircular canals. The 
cochlea contains the end organ for hearing while the vesti- 
bule and semicircular canals are responsible for balance and 
equilibrium. The otic capsule surrounds the osseous laby- 
rinth and is considered the densest bone in the human skele- 
ton [3]. The osseous labyrinth encapsulates the membranous 
labyrinth, which contains endolymph and is separated from 
the bony walls by perilymph. The endolymph and perilymph 
do not usually communicate, and there are contrast-enhanced 
MRI techniques that allow their separate visualization [4]. 

The cochlea is a spiral-shaped structure with 2/2 to 234 
turns, including the basal, middle, and apical turns, which 
are separated by interscalar septae. The lateral aspect of the 
basal turn of the cochlea bulges into the middle ear cavity, 
forming the cochlear promontory. The nerve of Jacobson (a 
branch of cranial nerve IX) courses over the cochlear prom- 
ontory. The cochlear nerve passes from the internal auditory 
canal through the bony canal for the cochlear nerve (also 
referred to as the cochlear fossette or cochlear aperture) into 
the modiolus, a crown-shaped structure centered within the 
cochlea that transmits branches of the cochlear nerve to the 
organ of Corti. The organ of Corti is the end organ for hear- 
ing and is not visible on CT images. 

The bony vestibule is an ovoid space located superior and 
posterior to the cochlea, which connects to the semicircular 
canals. There are three semicircular canals—superior, poste- 
rior, and lateral, oriented orthogonally to one another. The 
endolymphatic duct extends from the posterior aspect of the 
vestibule toward the posterior cranial fossa, ending in a blind 
pouch, the endolymphatic sac, at the posterior margin of the 
petrous ridge. The osseous vestibular aqueduct surrounds the 
endolymphatic duct and normally measures up to | mm at 
the midpoint and 2 mm at the operculum, according to the 
Cincinnati criteria [5]. 

The cochlear aqueduct should not be mistaken for a frac- 
ture. It is a narrow bony channel that surrounds the perilym- 
phatic duct and extends from the basal turn of the cochlea to 
the subarachnoid space adjacent to the pars nervosa of the 
jugular foramen. 


15.3.4 Internal Auditory Canal 


The internal auditory canal (IAC) is a channel in the petrous 
bone extending from the fundus, which abuts the labyrinth, 
to the porus acusticus. At the fundus, a horizontal crest (crista 
falciformis) divides the IAC into superior and inferior com- 
partments. A vertical crest (“Bill’s bar”) divides the superior 
compartment into anterior and posterior components. The 
facial nerve is in the anterosuperior compartment, the 
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cochlear nerve in the anteroinferior compartment, and the 
superior and inferior vestibular nerves in the superoposterior 
and inferoposterior compartments, respectively. A mne- 
monic for the location of the nerves in the anterior compart- 
ment is “Seven (cranial nerve VII) Up, Coke (cochlear nerve) 
down.” 


15.4 Imaging Modalities and Techniques 
While CT is often the first modality utilized to assess sus- 
pected pathology involving the inner ear structures (cochlea 
and labyrinth), certain lesions such as a cochlear schwan- 
noma and labyrinthine hemorrhage are better detected with 
MRI. In the workup of subjective pulsatile tinnitus, CT is 
frequently the preferred modality. However, MR imaging 
with MRA and MRV may be more appropriate in the workup 
of objective pulsatile tinnitus (audible bruit on auscultation 
by the clinician). Conventional catheter angiography may 
then follow to further characterize the vascular abnormality 
as well as to provide therapeutic management (embolization) 
of lesions such as dural fistulas. MR imaging is the primary 
modality for evaluating the non-osseous components of the 
temporal bone, suspected retrocochlear pathology, and sen- 
sorineural hearing loss. Magnetic resonance imaging is 
required when temporal bone pathology is suspected to 
involve the intracranial compartment. 


15.4.1 Computed Tomography 


15.4.1.1 Temporal Bone CT Technique 

Dual acquisition temporal bone CT (separately acquired 
direct axial and direct coronal images) has been replaced 
with multi-detector row CT (MDCT) in which a single set/ 
volume of axial images are acquired and reformatted in mul- 
tiple planes. Thoughtfully performed MDCT reduces radia- 
tion dose, and its rapid acquisition minimizes artifact from 
patient motion. Intravenous contrast is typically not used 
with temporal bone CT. When contrast is necessary (tumors, 
vascular pathology such as dural fistulas), higher resolution 
MRI, MRI with MRA, or CTA are more commonly. 

To acquire temporal bone CT, the patient lies supine in the 
gantry with the head angled superiorly and posteriorly. The 
neck is hyperextended so that the orbits are canted out of the 
pathway of the X-ray beam, minimizing exposure to the lens. 
Gantry tilt may need to be avoided to facilitate image recon- 
struction and reformats. The scan coverage is from the roof 
of the temporal bone (the arcuate eminence) through the 
mastoid tip. A collimation of 0.5-1.0 mm provides appropri- 
ate resolution. The raw data from each ear is most often 
reconstructed into 0.6-0.75 mm thin axial images using an 
edge-enhancing (bone) algorithm at a DFOV of 70-100 mm 


230 


that effectively magnifies the images. Technologists provide 
reconstructed images including 0.6—1.0 mm reformats in the 
axial plane parallel to the lateral semicircular canal created 
from a sagittal plane, and 0.6—1.0 mm reformats in the coro- 
nal plane. Axial images with 2-3 mm section thickness of the 
entire scan volume are also provided in soft tissue 
algorithm. 

Reformats may be obtained in sagittal or oblique planes 
to improve the detection of pathology in specific clinical set- 
tings such as superior semicircular canal dehiscence. 


Stenvers reformat: On the console, the technologist scrolls 
through the sagittal plane until a view of the lateral semi- 
circular canal is obtained. A reformatted axial plane par- 
allel to the lateral semicircular canal is made. The 
technologist then scrolls through this axial data set and 
Stenvers reformats are made by tracing a line perpendicu- 
lar to the long axis of the summit of the superior semicir- 
cular canal at submillimetric intervals. This plane is 
perpendicular to the roof of the superior semicircular 
canal displaying it in cross section. 

Péschl reformat: On the console, the technologist scrolls 
through the sagittal plane until a view of the lateral semi- 
circular canal is obtained. A reformatted axial plane 
parallel to the lateral semicircular canal is made. The 
technologist then scrolls through this axial data set and 
Poschl reformats are made by tracing a line parallel to the 
long axis of the summit of the superior semicircular canal 
at submillimetric intervals. 


15.4.2 Magnetic Resonance Imaging 


MRI of the temporal bones is performed in a head coil and 
should include thin section unenhanced and enhanced axial 
Tl-weighted images, and enhanced coronal T1l-weighted 
images. Fat suppression in at least one enhanced plane may 
be performed to distinguish fat from enhancement, particu- 
larly in the region of the petrous apex. A maximum section 
thickness of 3 mm with no interslice gap and a small FOV 
are required to provide images able to depict the fine detail of 
the anatomy and pathology in the temporal bone. 3D 
T1-weighted techniques may allow submillimetric scanning 
on many platforms. 3D T2-weighted techniques are com- 
monly available and valuable in temporal bone imaging to 
evaluate the relationship of pathologic processes such as a 
vestibular schwannoma with the surrounding nerves, the 
patency of labyrinthine structures, the size of the endolym- 
phatic duct and sac, and the extent of cochlear dysplasia in 
congenital or developmental hearing loss. Reformatted 
oblique sagittal images perpendicular to the long axis of the 


G. C. Keir et al. 


internal auditory canal are helpful in identifying cranial 
nerve hypoplasia or aplasia. Diffusion-weighted imaging 
(DWD can help in distinguishing cholesteatoma (restricted 
diffusion) from inflammatory middle ear cavity opacification 
(facilitated diffusion). For this purpose, non-echo planar 
diffusion-weighted imaging outperforms echo-planar imag- 
ing as it is less prone to susceptibility artifact and is capable 
of thin-slice imaging [4, 6]. 

Axial T2-weighted, T2 FLAIR, and enhanced T1-weighted 
images of the brain should be performed to assess for intra- 
cranial extension of temporal bone pathology. These brain 
sequences may also exclude central nervous system pathol- 
ogy such as demyelinating disease, stroke, or inflammation/ 
infection that might produce tinnitus, vertigo, hearing loss, 
or cranial nerve symptoms. 


15.5 Tinnitus and Hearing Loss Without 
a Mass 


When no mass is seen on imaging, the radiologist should 
closely review the inner ear structures. The common causes 
of tinnitus and hearing loss without a mass include otospon- 
giosis, labyrinthitis ossificans, superior semicircular canal 
dehiscence, and enlarged vestibular aqueduct syndrome. 


15.5.1 Otospongiosis 


Otospongiosis (also referred to as otosclerosis) is an idio- 
pathic progressive disease of pathological bone remodeling 
that causes conductive, sensorineural, or mixed hearing loss. 
It results in spongiosis or sclerosis of portions of the petrous 
bone. Conductive hearing loss is usually secondary to abnor- 
mal bone encroaching on stapes with impingement on the 
stapes footplate. Therefore, stapes surgery is the traditional 
initial treatment for otosclerosis, but is being augmented or 
replaced by innovations in hearing aid technology and 
cochlear implants. 

Symptoms typically start in the second or third decade of 
life and presentation is with progressive conductive hearing 
loss (approximately 80% bilateral [7]) with a normal tym- 
panic membrane, and no evidence of middle ear inflamma- 
tion. On otoscopic examination, the promontory may have a 
faint pink tinge reflecting the vascularity of the lesion, 
referred to as the Schwartze sign. 

On imaging, the disease is seen as lucency in the otic 
capsule. The most common location of involvement of oto- 
sclerosis is the bone just anterior to the oval window at a 
small cleft known as the fissula ante fenestram (fenestral 
otosclerosis) (Fig. 15.1). Involvement of the otic capsule 
separable from the oval window is referred to as “retrofe- 
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Fig. 15.1 Fenestral otospongiosis on the left with signs of lucency in 
the fissula ante fenestram (arrow) 


nestral otosclerosis” or “cochlear otosclerosis” and can 
give a sensorineural component to the hearing loss. The 
Symons and Fanning grading system for otospongiosis has 
shown to have excellent inter- and intra-observer agree- 
ment [7, 8]. 

A later presumably less active phase can occur where the 
bone becomes denser and more sclerotic. The bone still 
appears to encroach on the footplate but has a density closer 
to that of the otic capsule making it more difficult to 
identify. 


15.5.2 Labyrinthitis Ossificans 


Labyrinthitis ossificans is the late stage of labyrinthitis, in 
which there is pathologic ossification of spaces within the 
membranous labyrinth. Profound bilateral hearing loss from 
labyrinthitis ossificans is most commonly due to bacterial 
meningitis with onset of symptoms 3—4 months after the epi- 
sode [9]. Other causes include trauma, hemorrhage, autoim- 
mune disease, vascular obstruction of labyrinthine artery, 
and surgical insult. 

Imaging can detect the evolution of labyrinthitis in three 
stages: acute, fibrous, and ossification. In the acute stage, 
enhancement of the inner ear is noted on MR images, while 
the CT images may appear normal. In the intermediate 
fibrous stage of labyrinthitis, there is loss of fluid signal 
intensity on heavily T2-weighted sequence images 
(Fig. 15.2), while the CT scan may still appear normal. In the 
late ossific stage, there is replacement of the normal cochlea, 
vestibule, and/or semicircular canals by bone attenuation, 
now evident on CT [10]. 
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Fig. 15.2 Labyrinthitis ossificans on the right with loss of fluid signal 
intensity on heavily T2-weighted sequence images 


15.5.3 Superior Semicircular Canal Dehiscence 


Superior semicircular canal dehiscence is the most common 
type of third window abnormalities. The labyrinth is nor- 
mally in a closed hydraulic system with the oval and round 
windows. Defects in the integrity of the bony structure of the 
inner ear can decompress/dampen the energy of the sound 
wave resulting in conductive hearing loss. 

In addition to conductive hearing loss, superior semicircu- 
lar canal dehiscence can present with characteristic symptoms 
of vertigo when exposed to loud sounds (Tullio phenomenon). 
This is because of movement of fluid in the superior canal 
without movement in other canals. Other symptoms include 
autophony and pulsatile tinnitus. At audiometry, there is a 
characteristic low-frequency air-bone gap due to decreased air 
conduction and increased bone conduction. 

On imaging, there is a defect in the superior semicircular 
canal, best seen in the coronal plane, and on reformatted 
oblique images in the Stenvers plane (perpendicular to the 
canal). The Péschl plane shows the superior canal as a ring 
and helps to determine the length of a dehiscence (Fig. 15.3). 
The defect is typically along the superior arc of the superior 
canal along the floor of the middle cranial fossa. However, a 
defect can also occur along the posterior limb of the canal 
facing the posterior fossa. 

Other third windows abnormalities present with similar 
symptoms and include enlargement of the opening of the 
vestibular aqueduct, dehiscence of the scala vestibuli side of 
the cochlea, erosion of the lateral semicircular canal by cho- 
lesteatoma, and abnormal bony thinning between the cochlea 
and vascular channels. The presence of a defect does not 
mean that the patient will necessarily have symptoms or will 
benefit from surgery. Asymptomatic defects are rare (2% of 
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Fig. 15.3 Superior semicircular canal dehiscence on the left. There is 
a bone defect (arrow) in the superior semicircular canal. Péschl plane 
shows the superior canal as a ring and helps to determine the length of 
a dehiscence 


the population) so further audiometric evaluation is recom- 
mended for all patients with imaging findings [11]. 


15.5.4 Enlarged Vestibular Aqueduct 
Syndrome 


Most congenital hearing malformations are detected after 
birth on newborn hearing screening. The exception is 
enlarged vestibular aqueduct syndrome (EVA) which can 
progress in childhood or less commonly early adulthood 
[12]. Stable hearing is observed in 67% of ears with EVA of 
which 34% will demonstrate fluctuations in hearing. 
Progression of hearing loss is seen in 33% of ears of which 
half will demonstrate fluctuations [13]. 

During fetal development, the vestibular aqueduct starts 
out as a wide tube. By the fifth week it narrows, and by mid- 
term it approaches adult dimension and shape. However, the 
vestibular aqueduct continues to grow and change until a 
child is 3-4 years old. Yet incompletely understood genetic 
and/or environmental conditions cause EVA. 

It is unclear whether EVA actually causes hearing loss, or 
if instead EVA and hearing loss are caused by the same 
underlying defect (gene mutation). Supporting this latter 
theory is the observation that there is an association of EVA 
with modiolar deficiency [14] as well as the discovery of a 
specific gene mutation, SLC26A4, which is found in approx- 
imately 4 of patients with EVA [15] and seen in many 
patients with Pendrad syndrome. Other syndromic causes of 
EVA include branchio-oto-renal syndrome and CHARGE 
syndrome. 

On clinical exam, hearing loss can be conductive, mixed 
or sensorineural, and the loss may be stable or fluctuating. 
Imaging is both diagnostic and prognostic (Fig. 15.4). There 
are several definitions of an enlarged vestibular aqueduct. 
The most sensitive criteria are the Cincinnati criteria which 
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Fig. 15.4 Enlarged vestibular aqueduct. The vestibular aqueduct 
extends from the posterior aspect of the vestibule toward the posterior 
cranial fossa (arrow) 


defines abnormal as greater than 0.9 mm at the midpoint or 
greater than 1.9 mm at the operculum in the axial view [5]. 
Another frequently used criterion is comparison with the 
semicircular canals—the vestibular aqueduct is considered 
enlarged if the width of the proximal intraosseous portion 
exceeds that of the adjacent posterior semicircular canal. A 
retrospective study has found the severity of hearing loss in 
patients with an EVA is influenced by degree of widening of 
the vestibular aqueduct midpoint width [16]. 


15.6 Tinnitus and Hearing Loss with a Mass 
15.6.1 Vestibular Schwannoma 


Vestibular schwannomas typically arise from perineural 
Schwann cells of the superior or inferior vestibular nerve in 
the internal auditory canal, near the porus acusticus. They 
may extend into the cerebello-pontine angle. Vestibular 
schwannomas often present with non-pulsatile tinnitus and 
high frequency sensorineural hearing loss. Less often, they 
may present with symptoms related to mass effect upon the 
middle cerebellar peduncle, lateral pons, and/or the cisternal 
trigeminal nerve. The presence of bilateral vestibular 
schwannomas is diagnostic of neurofibromatosis type II. 
Vestibular schwannomas are typically difficult to identify 
on CT unless quite large. Expansion of the internal auditory 
canal may be present. On MR imaging, they are heteroge- 
neous on T1- and T2-weighted images and enhance follow- 
ing contrast administration. When large (greater than 2 cm), 
they often show cystic degeneration. Approximately 5-10% 
of vestibular schwannomas may have a co-existent arachnoid 
cyst. Hemorrhage and calcification are rare, unless previ- 
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ously treated [17]. Foci of micro-hemorrhage, identified as 
susceptibility-related signal loss, is a highly specific finding 
in schwannomas as compared with meningiomas [18]. When 
evaluating a patient with a vestibular schwannoma, it is 
important to identify the full extent of the neoplasm includ- 
ing extension to the cochlear aperture and/or cerebello- 
pontine angle, and to describe the presence of mass effect on 
the middle cerebellar peduncle and brainstem. Approximately 
60-75% of vestibular schwannomas involve the internal 
auditory canal and the cerebello-pontine angle. 

The goal of management of vestibular schwannomas over 
the last decade has shifted from “complete resection” to 
hearing preservation. Treatment may include surgical resec- 
tion or stereotactic radiosurgery. Clinical and radiologic 
observation is now common for small, stable tumors [19]. 


15.6.2 Cholesteatoma 


Cholesteatoma is an expansile erosive mass lined by keratin- 
izing stratified squamous epithelium. It may result from a 
congenital inclusion of squamous epithelium in the middle 
ear cavity (congenital cholesteatoma), or more commonly 
from abnormal migration of squamous epithelium into the 
middle ear cavity through a perforated tympanic membrane 
because of chronic infection/inflammation. Otoscopic exam- 
ination typically reveals a pearly white mass behind the tym- 
panic membrane. Erosive enzymes and osteoclast-stimulating 
agents within the epithelial debris cause bone destruction, 
the radiologic hallmark of this pathology. Acquired 
cholesteatomas most often occur in the setting of an under- 
pneumatized mastoid, a perforation of the pars flaccida 
(Shrapnell’s membrane), involve Prussak space, and erode 
the adjacent bone including the scutum and ossicles (the 
mallear head and incus body). The ossicles may be displaced 
medially. Cholesteatomas related to pars tensa perforations 
are less common. In these lesions, the sinus tympani, pyra- 
midal eminence, and facial nerve recess may be involved, as 
well as the long process of the incus and the stapes 
suprastructure. 

In the imaging evaluation of patients with a cholestea- 
toma, it is important to comment on the extent of middle ear 
cavity opacification. Specifically, it is important to note if 
there is involvement of the anterior epitympanic recess, 
round window niche, sinus tympani, and/or facial recess. 
The radiologist should comment on the integrity of adjacent 
bone including the roof of the epitympanum (the tegmen 
tympani), the lateral semicircular canal, and the facial nerve 
canal. It is also important to address relevant surgical anat- 
omy, such as the presence of a high or dehiscent jugular bulb, 
or an anteriorly positioned sigmoid sinus plate. Non-echo 
planar diffusion-weighted MR imaging is valuable in distin- 
guishing cholesteatomas (which typically have restricted dif- 
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fusion) from inflammatory opacification in the middle ear 
cavity (which typically have facilitated diffusion). Frequently 
both are present, and DWI can distinguish the cholesteatoma 
from areas of inflammation [20, 21]. Inflammatory disease 
also typically enhances, contributing to the distinction of 
these entities. 


15.6.3 Glomus Tumor 


Glomus tympanicum is a paraganglioma that arises from 
glomus bodies along the course of Jacobson’s nerve (the 
tympanic branch of CN IX) along the lateral aspect of the 
cochlea in the middle ear cavity. Glomus tympanicum is the 
most common primary tumor of the middle ear in adults and 
presents in middle age with a slight female predominance. 
The typical clinical presentation is pulsatile tinnitus. Patients 
may also have conductive hearing loss. On otoscopic exami- 
nation, a fleshy vascular mass behind the tympanic mem- 
brane in the middle ear cavity is most often identified. 

When imaging a patient with a suspected glomus tym- 
panicum, the radiologist should first evaluate for and exclude 
other causes of pulsatile tinnitus. These include vascular 
anomalies such as an aberrant internal carotid artery, high 
riding dehiscent jugular bulb, jugular vein or sigmoid diver- 
ticulum (outpouching of the jugular bulb or sigmoid sinus, 
respectively, into adjacent pneumatized temporal bone), and 
large condylar or mastoid emissary veins that traverse air 
cells. 

The classic imaging appearance is a demarcated mass 
along the cochlear promontory (Fig. 15.5). These tumors are 
soft tissue in density on CT, and on MR imaging they are 
iso- to mildly hyperintense to CSF on T1-weighted imaging, 
mildly hyperintense on T2-weighted imaging, and enhance 
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Fig. 15.5 Glomus tympanicum. Axial multi-detector CT image of the 
left temporal bone shows a soft tissue mass (GT) at the cochlear prom- 
ontory (asterisk) 
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intensely following contrast administration [22]. DOTATATE 
Positron Emission Tomography (PET) has recently emerged 
as a valuable adjunct to CT and MR imaging for the evalua- 
tion of these lesions [23]. While these tumors are very vascu- 
lar, the typical “salt and pepper” appearance seen in other 
glomus tumors/paragangliomas is frequently not seen in glo- 
mus tympanicum tumors due to their relatively small size. 
Once establishing the presence of a glomus tympanicum it is 
important to determine the extent of disease. These tumors 
are classified based on their spread from the cochlear prom- 
ontory to the middle ear cavity/ossicles, inner ear structures, 
external auditory canal, carotid canal, and the mastoid air 
cells. The radiologist should specify if the tumor is confined 
to the middle ear cavity (glomus tumors tend to engulf rather 
than erode the ossicles), identify if there is fistulization to the 
inner ears structures due to bone erosion, and identify exten- 
sion of tumor into adjacent structures. 

When there is tumor in the jugular foramen, it is impor- 
tant to establish if the middle ear tumor is a projection of a 
larger glomus tumor arising in the jugular fossa—a glomus 
jugulare-tympanicum. Glomus jugulare paragangliomas 
arise from glomus bodies in the jugular foramen, either in the 
adventitia of the jugular bulb, the superior ganglion of cra- 
nial nerve CN X, or along Arnold or Jacobsen nerves (auric- 
ular branch of CN X and tympanic branch of CN IX, 
respectively). They frequently grow directly into the jugular 
vein (Fig. 15.6a, b). 


15.6.4 Cholesterol Granuloma 


Lucent, expansile lesions of the petrous apex (cholesterol 
granuloma, mucocele, epidermoid, meningocele) are com- 
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mon. They are frequently incidental lesions detected on head 
CTs performed for unrelated reasons. These lesions may be 
symptomatic when they produce mass effect on adjacent 
structures. The management of each petrous apex lesion is 
different, and the clinical history is often of limited use. 
Biopsy is often difficult to perform, and in certain instances 
are contraindicated as they may potentially harm the patient. 
Fortunately, a specific diagnosis can usually be made using a 
combination of CT and MR imaging [24, 25]. On CT, the 
pattern of bone expansion, remodeling, and/or erosion are 
important. On MR imaging, the signal intensity on T1, T2, 
T2 FLAIR, DWI, and enhanced T1 weighting are often 
diagnostic-cholesterol granulomas are typically hyperin- 
tense on unenhanced T1-weighted imaging and epidermoids 
classically have restricted diffusion [24, 25]. It is important 
to describe the size, the location of the lesion, and its rela- 
tionship to adjacent critical structures, including the petrous 
internal carotid artery and the internal auditory canal. 
Cholesterol granulomas typically arise in a pneumatized 
space, most often the petrous apex of the temporal bone. It is 
thought that these develop due to recurrent micro- 
hemorrhages at the capillary level, which may result from 
negative pressures in petrous air cells. The blood incites a 
mucosal reaction, giant cells, and cholesterol crystal deposi- 
tion leading to recurrent hemorrhage. This cycle results in 
petrous apex expansion which can cause cranial nerve symp- 
toms (CNs V and VIII) and tinnitus. The resulting appear- 
ance is an expansile, lytic, circumscribed mass centered in 
the petrous apex, that is often unilocular (Fig. 15.7a). On MR 
imaging, cholesterol granulomas are characteristically 
hyperintense on T1-weighted images related to methemoglo- 
bin (Fig. 15.7b) though they may be heterogeneous on all 
pulse sequences due to blood products of varying ages. 


Fig. 15.6 (a, b) Glomus jugulare. Axial enhanced CT images show a vascular avidly enhancing mass in the jugular foramen (*), with direct infe- 


rior growth into the internal jugular vein (V) 
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Fig. 15.7 (a, b) Cholesterol granuloma. (a) Axial CT image in bone 
window shows a unilocular, expansile mass of the right petrous apex. 
(b) Axial unenhanced T1-weighted gradient image shows the character- 


15.7 Conclusion 


The imaging workup for tinnitus and hearing loss in adults 
follows otoscopic exam and audiometry testing. Computed 
tomography and MR imaging have different and often com- 
plimentary roles in the evaluation of tinnitus and hearing loss 
depending on the clinical scenario and the suspected under- 
lying cause. Imaging can often identify the cause and evalu- 
ate the extent of disease for surgical planning. 


Take-Home Messages 

e The radiologist should be familiar with a few key 
temporal bone anatomical structures and levels on 
axial and coronal imaging. 

e The imaging approach and differential for hearing 
loss and tinnitus can be based on whether a mass is 
present or absent. 

e MR and CT are complementary modalities. The 
choice of imaging modality depends on the most 
likely clinical diagnosis following history and oto- 
scopic examination. 


istic hyperintensity of these lesions related to blood products. The right 
mastoid air cells are opacified 
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Abstract 16.1 Introduction to Head and Neck 


The neck is anatomically complex and exhibits a wide Spaces 

range of pathologies, making the imaging diagnosis of 

masses in this region challenging. Organizing the neck into While the neck is anatomically complex, it can be organized 
specific “spaces” based on fascial planes and individual into specific “spaces” or compartments based on fascial 
contents is a helpful approach to generating a differential planes and individual contents [1, 2]. Some authors argue 
diagnosis. Once a mass is localized within a neck space, that the term “space” may be an oversimplification and lead 
then specific imaging features and clinical context can be tO confusion. These authors propose naming fascial layers in 
applied to narrow these different considerations. In this functional terms and using the term “compartment,” which 
chapter, we will review the normal anatomy and contents of Can be bound by bone, muscle, and/or fascia. For consistency 
each space in the suprahyoid and infrahyoid neck and dis- With radiologic literature, this review will use the term 


cuss the specific pathologies typically found in each space. “space” but will attempt to point out any potentially confus- 
ing terms and propose newer terminology to promote inter- 


“Keywords disciplinary communication. The ability to place pathology 
within a neck space is the first step to generating a differen- 
tial diagnosis; then, specific imaging features and clinical 
context can be applied to narrow these different 
considerations. 

The neck can be divided into suprahyoid and infrahyoid 
spaces by the hyoid bone. Some head and neck spaces tra- 


Head and neck spaces - Head and neck masses 
Suprahyoid neck - Infrahyoid neck - Neck anatomy 
Cervical fascia 


Learning Objectives verse both the suprahyoid and infrahyoid neck. Two layers of 
e To understand how the layers of the deep cervical fascia, superficial and deep, are commonly used to define the 
fascia, along with muscles and bones, help define spaces of the neck. The superficial cervical fascia (SCF) is a 
“spaces” or compartments in the neck. thin layer, investing loose connective and adipose tissue, the 
e To understand the normal anatomy and contents of platysma muscle, superficial lymph nodes, and muscles of 
each of the spaces in the suprahyoid and infrahyoid facial expression. Some surgeons refer to SCF simply as 
neck. “subcutaneous tissue” [3] to prevent confusion with the 
e To accurately localize neck pathology into a spe- superficial layer of the deep cervical fascia (SLDCF), which 
cific space in order to generate the most appropriate is described below. 
differential diagnosis. The deep cervical fascia is further subdivided into three 


layers: superficial, middle, and deep. The superficial layer 
of deep cervical fascia (SLDCF) lies between the SCF (or 
subcutaneous tissue) and the muscles of the neck; it attaches 


B. E. Damadian - D. R. Shatzkes (2) anteriorly to the hyoid, superiorly to the mandible, and to 
Department of Radiology, Zucker School of Medicine at Hofstra/ the mastoid process and external occipital protuberance. 
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e-mail: aa Coriell adi SLDCF encloses two glands (submandibular and parotid) 
P. A. Rhyner and two muscles (sternocleidomastoid and trapezius). 
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Some surgeons refer to the subdivisions of the SLDCF as 
the masticator fascia, submandibular fascia, and sternoclei- 
domastoid/trapezius fascia, choosing to define fascia by 
function. 

The middle layer of deep cervical fascia (MLDCF) 
extends from the skull base to the mediastinum and is divided 
into a muscular layer and a visceral layer. The muscular layer 
invests the strap muscles, while the visceral layer (also called 
buccopharyngeal in the suprahyoid neck) invests the larynx, 
pharynx, trachea, esophagus, and thyroid. The deep layer of 
deep cervical fascia (DLDCF) surrounds the vertebral col- 
umn and paravertebral muscles with two distinct compo- 
nents: the alar and prevertebral fascia. The alar layer forms 
the posterior and lateral walls of the retropharyngeal space 
and bridges the transverse processes of the vertebrae. The 
prevertebral layer encloses the paraspinal muscles: the lon- 
gus colli and longus capitis muscles; the anterior, middle, 
and posterior scalene muscles; and the levator scapulae. The 
carotid sheath is generally thought to be composed of all 
three layers of DCF though the thickness of the carotid 
sheath varies among individuals and at different levels in the 
neck. 

The suprahyoid neck spaces comprise the area from the 
base of skull to the hyoid bone, excluding the orbits, parana- 
sal sinuses, and oral cavity. The spaces of the suprahyoid 
neck include the pharyngeal mucosal space (PMS), the sub- 
lingual space (SLS), the submandibular space (SMS), the 
parapharyngeal space (PPS), the parotid space (PS), and the 
masticator space (MS). Those spaces traversing the entire 
neck (suprahyoid and infrahyoid) include the carotid space 
(CS), the retropharyngeal and danger space (RPS), and the 
perivertebral space (PVS). In addition to the entire neck 
spaces (listed above), the infrahyoid neck also contains the 
visceral space (VS), which includes the thyroid and parathy- 
roid glands and the larynx, hypopharynx, trachea, and cervi- 
cal esophagus. 


16.2 Suprahyoid Neck: Pharyngeal 
Mucosal Space (PMS) 


16.2.1 Anatomy and Contents 


The contents of the pharyngeal mucosal space include the 
mucosa of the nasopharynx and oropharynx, as well as sub- 
mucosal structures such as Waldeyer’s ring, minor salivary 
glands (MSGs), the pharyngeal constrictor and levator veli 
palatine muscles, and the torus tubarius bordering the 
Eustachian tube orifice [4]. Waldeyer’s ring comprises the 
adenoids and the palatine and lingual tonsils; the ring-like 
configuration of lymphoid tissue can be thought of as a 
mechanism to protect the body from inhaled and ingested 
antigens. Deep mucosa-lined tonsillar crypts result in a char- 
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acteristic striped appearance on contrast-enhanced imaging 
and may hide small primary tumors. 


Key Point 

e While squamous cell carcinoma is the most com- 
mon tumor of the PMS, the presence of Waldeyer’s 
ring lymphoid tissue and submucosal minor sali- 
vary glands may result in lymphoproliferative and 
salivary neoplasms, respectively. 


16.2.2 Pathology 


The most common malignant neoplasm in this space is squa- 
mous cell carcinoma arising from the mucosa, which is cov- 
ered in a separate chapter. Tumors arising from Waldeyer’s 
ring lymphoid tissue and MSGs are considerably less com- 
mon. Inflammatory disease of the oropharynx represents a 
spectrum ranging from non-focal tonsillitis to tonsillar or 
peritonsillar abscess (Fig. 16.1). Congenital lesions of the 
PMS include the central nasopharyngeal Tornwaldt cyst and 
those related to the embryologic thyroglossal duct, including 
cysts and the lingual thyroid (Fig. 16.2). 


Fig. 16.1 Axial CECT shows a discrete rim-enhancing fluid collection 
(arrow) lateral to an enlarged and inflamed tonsil in a patient with ton- 
sillitis and peritonsillar abscess 
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Fig. 16.2 Sagittal CECT shows two sites of ectopic lingual thyroid 
tissue, one in the pharyngeal mucosal space at the base of tongue and 
the other anterior to the hyoid bone. Additional images confirmed 
absence of normal thyroid tissue in the thyroid bed 
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16.3 Suprahyoid Neck: Parapharyngeal 
Space (PPS) 


16.3.1 Anatomy and Contents 


The PPS is a triangular fat-containing space lateral to the 
PMS. It is bound laterally by the masticator and parotid 
spaces, posteriorly by the retropharyngeal and carotid spaces, 
and superiorly by the skull base, with inferior extension into 
the submandibular space. The PPS contents are simple: fat, 
minor salivary glands, and, rarely, lymph nodes. 


16.3.2 Pathology 


Primary pathology of the PPS is rare, with the majority of 
lesions originating from minor salivary glands and represent- 
ing benign mixed tumors (BMTs) [5]. The PPS is most often 
affected by pathology of neighboring spaces, and the pattern 
of deviation or deformity of the PPS fat may be helpful in 
identifying the space of origin. For example, while a well- 
defined markedly T2-hyperintense mass bounded entirely by 
fat is likely a primary PPS BMT, a similar lesion contiguous 
with the deep lobe of the parotid and displacing the PPS fat 
anteromedially more likely originates in the parotid space 
(Fig. ). Similarly, masticator space lesions displace the 
PPS fat posteromedially, PMS lesions laterally, and carotid 
space lesions anteriorly. 


Fig. 16.3 (a) Primary BMT of the left PPS (arrow) is surrounded entirely by fat on axial T1-weighted image. (b) Axial T1-weighted image shows 
a primary BMT of the left parotid space (arrow) inseparable from the deep lobe and displacing PPS fat medially 
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16.4 Suprahyoid Neck: Masticator 
Space (MS) 


16.4.1 Anatomy and Contents 


Located lateral to the PPS, the MS contains the muscles of 
mastication (masseter, temporalis, and medial and lateral 
pterygoids), the posterior body and ramus of the mandible, 
and the mandibular nerve (a branch of the trigeminal nerve). 


16.4.2 Pathology 


As with the PPS, most pathology of the MS originates in the 
neighboring spaces, the most common being odontogenic 
infection arising from molar teeth within the neighboring 
oral cavity [6]. Dental abscesses may extend to the medial 
pterygoid or masseter muscles and may also result in osteo- 
myelitis of the posterior mandibular body and condyle 
(Fig. ). Another common non-neoplastic lesion affecting 
the MS is the venous malformation (VM), which has a predi- 
lection for the muscles of mastication and is a frequent inci- 
dental finding on imaging studies performed for unrelated 
indications (Fig. ). The presence of phleboliths within a 


Fig. 16.4 Axial CECT image shows a fluid and gas collection centered 
in the right medial pterygoid muscle (arrow), representing odontogenic 
abscess arising from the right mandibular third molar 
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Fig. 16.5 Axial T2-weighted image shows a markedly hyperintense 
mass in the left masseter muscle with fluid-fluid level and internal 
rounded areas of signal void (arrow). These represent phleboliths, 
which are virtually pathognomonic for a venous malformation 


markedly T2-hyperintense and heterogeneously enhancing 
mass is virtually pathognomonic for VM. Neoplastic entities 
of the MS include perineural spread of tumor to cranial nerve 
V3 or, much less commonly, primary nerve sheath tumors of 
cranial nerve V3 such as schwannomas. Primary neoplasms 
of the muscles of mastication, such as sarcomas and lympho- 
proliferative malignancies, are exceedingly rare. More often, 
malignant MS disease results from spread of tumors arising 
in the pharynx, oral cavity, or parotid space. 


16.5 Suprahyoid Neck: Parotid Space (PS) 
16.5.1 Anatomy and Contents 


The PS contains the parotid gland, facial nerve, retroman- 
dibular vein, and branches of the external carotid artery. The 
plane of the facial nerve bisects the parotid gland into super- 
ficial and deep lobes; localization of lesions into one of these 
lobes is key to prevent inadvertent facial nerve injury during 
resection. The plane may be approximated on cross-sectional 
imaging by identifying the stylomandibular tunnel, located 
between the styloid process and the posterior cortex of the 
mandibular condyle, as well as by the position of the retro- 
mandibular vein. 


16 Approach to Masses in Head and Neck Spaces 


16.5.2 Pathology 


The parotid gland is the only salivary gland to contain lymph 
nodes, with the important consequence that the differential 
diagnosis for lymphadenopathy, including neoplastic and 
inflammatory etiologies, must be considered for any PS mass 
[7]. The parotid lymph nodes also represent first echelon 
drainage for cancers of the external auditory canal as well 
skin cancers of portions of the scalp and facial skin. 
Fortunately, most primary salivary epithelial neoplasms rep- 
resent benign mixed tumors; these typically demonstrate 
very high signal on T2-weighted and ADC scans (Fig. 16.6). 
This is one of the few parotid neoplasms that demonstrates 
characteristic imaging features. In general, given the very 
diverse neoplastic histology of this region, a specific diagno- 
sis cannot be reliably predicted based on CT or MR imaging. 


Fig. 16.6 (a) Axial STIR image demonstrates a well-circumscribed 
markedly T2 hyperintense mass in the superficial lobe of the right 
parotid, a pathologically proven benign mixed tumor (arrow). (b) The 
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Infectious/inflammatory diagnoses in the PS include both 
acute and chronic parotitis. Acute parotitis may occur sec- 
ondary to obstruction by calculi, retrograde migration of oral 
flora due to poor salivary flow, or hematogenic viral infec- 
tion. Chronic parotitis is typically bilateral and reflects 
underlying systemic disease such as Sjogren syndrome or 
sarcoidosis. 


Key Point 

e The parotid gland is the only salivary gland to con- 
tain lymph nodes; the differential diagnosis for 
lymphadenopathy must be considered for any PS 
mass. 


corresponding ADC map demonstrates high signal, indicating relatively 
free diffusivity of water in these gelatinous tumors 
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16.6 Suprahyoid Neck: Sublingual (SLS) 
and Submandibular Space (SMS) 


16.6.1 Anatomy and Contents 


The oral cavity (OC) is anatomically complex with an exten- 
sive, convoluted mucosal surface covering its constituent 
structures: the tongue, floor of mouth, hard palate, cheeks, 
and gingiva. The SLS is the portion of the floor of mouth 
below the tongue and above the mylohyoid muscle, a sling- 
like structure that separates the OC above from the SMS 
below (Fig. ) [8]. The SLS contains the sublingual 
glands (SLGs), the deep lobes of the submandibular glands 
(SMGs) and submandibular ducts, the “neurovascular bun- 
dles” (lingual nerves, arteries, and veins), and cranial nerves 
9 and 12. The SMS is relatively simple in composition, con- 
taining only the SMG superficial lobe, fat, lymph nodes, and 
the facial artery and vein. 


16.6.2 Pathology 


Much like in the MS, inflammatory disease is a common 
entity in the SLS and SMS, with the teeth and salivary glands 
as the principal sources. It is important to recognize that 
symptoms localized to the SMS could be caused by pathol- 
ogy in the SLS. For example, sialoliths frequently impact 
distally at the punctum of the submandibular duct, which is 
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part of the SLS. An obstructing sialolith in the SLS may 
cause upstream inflammatory disease of the SMG, part of 
which is located in the SMS. Dental artifact frequently 
obscures calculi at the anterior floor of mouth, making a high 
index of suspicion and careful search imperative to diagnosis 


(Fig. 


). Obstruction of the SLG or a submucosal MSG 


Fig. 16.7 Coronal T2-weighted image shows the mylohyoid (arrow), 
the sling-like muscle that separates the oral cavity above from the SMS 
below 


A 


Fig. 16.8 (a) Axial CECT depicts an enlarged, edematous SMG (arrow) in the SMS, representing acute sialadenitis. (b) Axial CECT identifies 
the causative obstructing calculus (arrow), located in the submandibular duct at anterior floor of mouth in the SLS 
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Fig. 16.9 Axial CECT depicts a “diving” or “plunging” ranula (arrow) 
extending from the SLS to the SMS behind the posterior free edge of 
the mylohyoid muscle 


duct may result in formation of a ranula, an epithelial-lined 
cyst within the SLS. When these rupture, they may form 
pseudocysts that may “dive” or “plunge” behind the poste- 
rior free edge of the mylohyoid muscle into the SMS 
(Fig. 16.9). The vast majority of neoplasms in this region are 
squamous cell carcinomas originating from the OC mucosa. 
Salivary epithelial tumors may arise from the major salivary 
glands (SLG, SMG) or from minor salivary glands (MSGs) 
lying within the SLS submucosal space. 


16.7 Infrahyoid Neck: Visceral Space (VS) 


16.7.1 Anatomy and Contents 


The VS is acentral tubular space extending from the hyoid to 
the mediastinum. Enclosed by the middle layer of deep cer- 
vical fascia, the VS is the only space confined entirely to the 
infrahyoid neck. Its contents include: the thyroid and para- 
thyroid glands, the recurrent laryngeal nerve, the larynx, 
hypopharynx, trachea, and cervical esophagus. The thyroid 
gland is located anterior to the prevertebral musculature and 
posterior to the infrahyoid strap musculature, in close prox- 
imity to other vital structures of the VS such as the larynx, 
trachea, and esophagus. The tracheoesophageal groove lies 
posteromedial to the thyroid lobe and contains several impor- 
tant structures including the recurrent laryngeal nerve, para- 
tracheal nodes, and parathyroid glands. 
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16.7.2 Thyroid and Parathyroid Pathology 


Abnormalities of the thyroid gland are a major indication for 
imaging the VS. In general, ultrasound is the workhorse 
imaging modality for inflammatory (i.e., Hashimoto’s) or 
infectious thyroiditis and for evaluation of the intrathyroidal 
nodule. Intrathyroidal nodules may represent colloid cysts, 
adenomas, differentiated thyroid cancer, or rarely, metasta- 
ses. Many ultrasound classification systems exist to risk 
stratify these nodules and determine whether biopsy is indi- 
cated, including ones by the American Thyroid Association 
(ATA) and the Society of Radiologists in Ultrasound (SRU). 
Newer systems such as European Thyroid Imaging and 
Reporting Data System (EU-TIRADS) and the American 
College of Radiology Thyroid Imaging and Reporting Data 
System (ACR TIRADS) are gaining acceptance for their 
point-based approach [9, 10], particularly ACR TIRADS, 
with emerging studies demonstrating its high diagnostic per- 
formance and reduction of unnecessary biopsies [11, 12]. 
Thyroid cancer is a heterogeneous group of malignancies, 
including differentiated thyroid carcinomas (papillary and 
follicular), medullary and anaplastic carcinomas, and non- 
Hodgkin lymphoma. Cross-sectional imaging is most appro- 
priate when there is a concern for extrathyroidal extension of 
tumor [13, 14] into surrounding structures such as the tra- 
chea or esophagus (Fig. 16.10). For rapidly enlarging thyroid 
masses, both anaplastic carcinoma and lymphoma should be 
considered. For multinodular goiters (MNG), ultrasound is 
used for surveillance of individual nodules, but non-contrast 
CT (NCCT) is often the choice for presurgical evaluation if 
airway compression necessitates removal. NCCT is helpful 
to evaluate the extent of airway compression and substernal 


Fig. 16.10 Post-contrast axial Tl-weighted image with fat saturation 
demonstrates a papillary thyroid cancer with extra-thyroidal extension 
and invasion of the trachea and esophagus (arrow) 
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extension for surgical planning and to exclude overt signs of 
malignancy. Local extension into trachea, tracheoesophageal 
(TE) groove, or infrahyoid strap muscles, vocal cord paraly- 
sis from involvement of the recurrent laryngeal nerve in TE 
groove, and pathologic cervical adenopathy are imaging 
findings that suggest thyroid malignancy. 


Key Point 

e US is the primary imaging modality for both inflam- 
matory disease and work-up of thyroid nodules, 
with cross-sectional imaging used when there is 
concern for extrathyroidal extension of tumor, or to 
evaluate potential airway compression or substernal 
extension of goiter. 


Congenital lesions in the VS include infrahyoid thyro- 
glossal duct cysts or ectopic thyroid tissue along the course 
of the thyroglossal duct. Thyroglossal duct cysts are the most 
common congenital neck masses (Fig. 16.11); most present 
before age 10 as a painless, movable mass that may fluctuate 
in size after upper respiratory tract infection. When suprahy- 
oid they are characteristically midline while infrahyoid 
lesions are often paramidline. Nodules in the tracheoesopha- 


Fig. 16.11 Axial CECT demonstrates a paramidline infrahyoid cystic 
lesion (arrow) consistent with thyroglossal duct cyst 
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geal groove may represent parathyroid adenomas (or rare 
carcinomas), lymph nodes, or unusual schwannomas of the 
recurrent laryngeal nerve. Parathyroid adenomas are charac- 
teristically hypervascular, demonstrating rapid wash-in on 
early arterial phase and relatively rapid wash-out on venous 
phase multiphase contrast-enhanced CT [15]. 


16.7.3 Larynx, Hypopharynx, Trachea, 
and Esophagus Pathology 


The most common indication for imaging of larynx and 
hypopharynx is staging of squamous cell carcinoma (a pri- 
mary mucosal space abnormality), which will be discussed 
in a separate chapter. Much less common, submucosal 
tumors are usually well circumscribed on imaging and will 
not have an overlying mucosal abnormality on endoscopy. 
The differential diagnosis for submucosal masses includes 
minor salivary gland tumors, sarcomas such as laryngeal 
chondrosarcoma, and lymphoma. Benign lesions of the lar- 
ynx, including papillomas and hemangiomas, are also 
uncommon. Laryngoceles, also called saccular cysts, are 
seen as dilated laryngeal ventricular saccules extending cra- 
nially within the paraglottic fat (Fig. 16.12). These are almost 
always unilateral and may be confined to the paralaryngeal 
space (“internal”) or may extend laterally into the cervical 
soft tissues through the thyrohyoid membrane (“external”). 


Fig. 16.12 Coronal CECT demonstrates a dilated, fluid-filled left ven- 
tricular saccule, consistent with laryngocele. There is lateral extension 
through the thyrohyoid membrane indicative of an external component 
(white arrow). A normal right laryngeal ventricle is seen (yellow arrow) 
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Laryngoceles that contain both an internal and external com- 
ponent are classified as mixed type. While this benign entity 
is usually functional and related to chronic increased glottic 
pressure, a small number (5—20%) may herald obstructing 
squamous cell carcinoma [16]. 

In the inflammatory category, epiglottitis should be sus- 
pected in a child with difficulty breathing and swallowing 
and may initially be evaluated with plain film. When there is 
a classic “thumb” sign reflecting the swollen epiglottis, treat- 
ment may be initiated and CECT may not even be required. 
Adults may have supraglottitis with CECT showing thick- 
ened, edematous epiglottis and aryepiglottic folds. 


16.8 Entire Neck: Carotid Space (CS) 
16.8.1 Anatomy and Contents 


The carotid space spans the suprahyoid and infrahyoid neck, 
extending from the skull base to the aortic arch, with all three 
layers of the deep cervical fascia contributing to the carotid 
sheath [17]. It is located posterior to the styloid process (and 
is therefore termed the post-styloid PPS by some authors), 
anterior to the prevertebral muscles, and lateral to the retro- 
pharyngeal space. The CS can be further subdivided into 
nasopharyngeal, oropharyngeal, cervical and mediastinal 
components. The suprahyoid CS contains the carotid artery, 
internal jugular vein (IJV), cranial nerves 9-12, and the 
sympathetic chain. The infrahyoid CS differs in that all cra- 
nial nerves have exited except the vagus nerve. Lymph nodes 
are closely associated with the carotid space, along its lateral 


Fig. 16.13 (a) Axial CECT 
demonstrates a filling defect 
in the right IJV (arrow), 
consistent with 
thrombophlebitis. (b) In close 
proximity to the IJV 
thrombus, axial CECT 
identifies a right peritonsillar 
abscess in the PMS (arrows). 
The combination of these 
findings is consistent with 
Lemierre syndrome 
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border. The carotid artery is located medially, IJV laterally, 
vagus nerve posteriorly along the vessels, and the sympa- 
thetic chain posteriorly within the sheath. 


Key Point 

e The CS spans the suprahyoid and infrahyoid neck, 
with all three layers of the DCF contributing to the 
carotid sheath. 


16.8.2 Pathology 


Masses in the suprahyoid CS classically displace the para- 
pharyngeal fat anteriorly and splay the carotid and jugular 
vein, often displacing the ICA anteriorly and IJV posterolat- 
erally. Vascular pathology, primarily dissection or pseudoan- 
eurysm of the carotid artery or thrombosis/thrombophlebitis 
of the IJV, may easily be overlooked on routine neck CT or 
MRI. Special attention should be paid to the CS to exclude 
dissection in any patient presenting with Horner’s syndrome. 
An IJV thrombophlebitis caused by extension of oropharyn- 
geal or odontogenic infection is referred to as Lemierre syn- 
drome (Fig. 16.13). CT and MR angiography or venography 
are studies of choice if there is high clinical suspicion for a 
vascular lesion. 

The most common masses in the high nasopharyngeal CS 
often dumbbell inferiorly from the jugular foramen and 
include glomus jugular paraganglioma, schwannoma, and 
meningioma. Close attention to the skull base is important in 
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Fig. 16.14 (a) Axial CECT 
demonstrates an avidly 
enhancing mass (arrow) at the 
right carotid bifurcation 
splaying the internal and 
external carotid arteries. (b) 
Axial T2w with fat saturation 
image demonstrates 
characteristic flow voids (the 
“pepper” of the “salt and 
pepper” appearance) within 
the mass (arrow). These 
findings are consistent with 
carotid body paraganglioma 


any patient presenting with hoarseness/vocal cord palsy or 
other cranial neuropathy involving CNs 9-12. Bony changes 
on CT are an important clue to the correct diagnosis of a jugu- 
lar foramen/CS mass at the skull base. Permeative destruction 
favors paraganglioma, smooth remodeling is characteristic of 
schwannoma, and hyperostosis suggests a CS mass is a menin- 
gioma. On MRI, paragangliomas are intensely enhancing and 
can have the classic “salt and pepper” appearance with the 
“salt” representing microhemorrhages on T1-weighted (T1W) 
images and the “pepper” representing flow voids on 
T2-weighted (T2W) images. Carotid body and glomus vagale 
paragangliomas are also found in the CS. Carotid body tumors 
are located at the carotid bifurcation in the infrahyoid neck and 
splay the internal and external carotid arteries (Fig. 16.14). CS 
nerve sheath tumors include schwannomas and neurofibro- 
mas. Schwannomas are typically fusiform enhancing tumors, 
sometimes with cystic change, whereas neurofibromas are 
classically hypodense and hypoenhancing on CT and have a 
characteristic target sign on MRI. 


16.9 Entire Neck: Retropharyngeal, 
Danger, and Prevertebral Spaces 
(RPS) 


16.9.1 Anatomy and Contents 


As mentioned in the introduction, the DLDCF has two compo- 
nents, the alar and prevertebral fascia. This results in the for- 
mation of three posterior neck spaces: (1) retropharyngeal 
space (RPS), between the visceral and alar fascia, (2) danger 
space, between the alar and prevertebral fascia, and (3) prever- 
tebral space, between the prevertebral fascia and the vertebral 
periosteum (part of the perivertebral space, discussed below). 
The importance of recognizing the division into these spaces 
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primarily relates to their inferior extent. While the RPS termi- 
nates at the level of the T3 vertebra, the danger space extends 
more inferiorly to a point just above the diaphragm, and the 
prevertebral space continues to the coccyx. Though we typi- 
cally cannot distinguish these spaces on imaging, we must 
remember to follow a posterior neck space collection to its 
inferior extent and be cognizant of the fact that this may lie 
within the chest or below. Contents of the suprahyoid RPS are 
simple: fat and lymph nodes. The RPS in the infrahyoid neck 
is a potential space, collapsed in the normal setting. 


Key Point 

e Retropharyngeal collections that have entered the 
danger or prevertebral spaces can descend to the 
mediastinum and as far inferiorly as the coccyx. 


16.9.2 Pathology 


Disease processes in the RPS can be categorized as related to 
the presence of fluid and/or nodal pathology. Fluid within the 
RPS may be encapsulated and represent an abscess or, much 
less commonly, a pseudomeningocele as a complication of 
spinal surgery. More frequent is unencapsulated edema or 
effusion of the RPS, and this may occur as a reaction to a 
wide variety of disease processes such as pharyngitis, lym- 
phatic or venous obstruction, angioedema (Fig. 16.15), or 
radiation therapy [18]. Cervical osteomyelitis/discitis can 
secondarily result in fluid in the RPS. Nodal enlargement 
may occur in the setting of inflammatory or neoplastic pro- 
cesses. When there is pharyngitis, lymphadenopathy may be 
reactive and homogenous, or, particularly in children, an 
intranodal abscess may develop and rupture into the 
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Fig. 16.15 Sagittal CECT demonstrating unencapsulated fluid in the 
retropharyngeal space in a patient presenting with angioedema 


RPS. RPS lymph nodes may be involved in hematologic 
malignancy, such as lymphoma, or may represent sites of 
metastatic disease from local malignancies, particularly 
those of the pharynx, paranasal sinuses, and thyroid gland. 


16.10 Entire Neck: Perivertebral Space (PVS) 


16.10.1 Anatomy and Contents 


The perivertebral space (PVS) is a cylindrical space around 
the vertebral column, invested in the DLDCF from the 


Fig. 16.16 (a) Sagittal 
CECT soft tissue window 
demonstrates prevertebral 
edema (arrow) in a patient 
with 3 days of acute onset 
neck pain. (b) Sagittal bone 
windows show calcification 
anterior to C2 (arrow), 
diagnostic of longus colli 
calcific tendinitis 
(prevertebral calcific 
tendinitis) 
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skull base to the mediastinum. The PVS can be subdivided 
into the prevertebral space and the paraspinal space [19]. 
The contents of the PVS include the vertebral bodies, disc 
spaces, musculature, and the vertebral arteries in the fora- 
men transversarium. The RPS lies directly anterior to the 
PVS, and the paired carotid spaces lie anterolateral. The 
prevertebral muscles are invested in the anterior DLDCF, 
known as the “carpet” by surgeons. It is tenacious and 
serves as a barrier to infection and neoplasm. Lesions in 
the PVS tend to lift or displace the prevertebral muscles 
anteriorly, whereas RPS lesions displace these muscles 
posteriorly. 


16.10.2 Pathology 


The vast majority of pathologic lesions in the perivertebral 
space involve the vertebral bodies and disc spaces, and the 
minority of lesions are centered in the paraspinal muscula- 
ture. Therefore, pyogenic discitis/osteomyelitis and bone 
metastasis are the most common pathologies found in this 
space. Atypical infections such as tuberculosis are less com- 
mon but have characteristic imaging features such as spar- 
ing of the disc spaces. Primary bone tumors are also 
uncommon but have characteristic locations and appear- 
ance. For example, chordomas can be suggested when a 
lesion is found in the upper cervical spine with characteris- 
tic bright T2 signal and enhancement. An important differ- 
ential diagnosis to consider in a patient with acute onset 
neck pain and dysphagia is calcific tendinitis of the longus 
colli muscle (Fig. ), also referred to as prevertebral 
calcific tendinitis. Imaging features include prevertebral 
edema and calcification anterior to C2. 
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16.11 Concluding Remarks 


The neck is anatomically complex but can be organized into 
compartments or “spaces” to help organize the approach to 
neck masses. A thorough understanding of fascial planes, the 
various spaces and their normal contents will help the radi- 
ologist generate the best differential diagnoses to appropri- 
ately guide management. The parapharyngeal space (PPS) 
fat is especially important in the analysis of most suprahyoid 
neck masses, as the mass effect on this triangular fat pad 
often helps to localize the space of origin. Pathology will 


H&N Space Contents 
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displace the PPS in a predictable pattern. For example, 
masses arising in the deep lobe of the parotid tend to displace 
the PPS anteromedially, carotid space masses displace the 
PPS anteriorly, masticator space masses push the PPS poste- 
riorly, and pharyngeal mucosal space masses often push the 
PPS laterally. Each compartment has common and uncom- 
mon pathology, typically based on the normal contents. 
Therefore, once a lesion is localized to the correct space, the 
radiologist can utilize imaging features and clinical informa- 
tion to provide a tailored list of differential considerations, or 
in some cases, a specific most likely diagnosis. 


Space 
Pharyngeal 
mucosal (PMS) 


Boundaries 

Mucosa to pharyngeal constrictors 
of nasopharynx and oropharynx 
(some include hypopharynx and 
oral cavity) 


Major contents 
Mucosa, Waldeyer’s ring, minor 
salivary glands, constrictor and 


levator palatine muscles, cartilaginous 


Eustachian tube 


body and ramus of mandible, CNV3 


retromandibular vein, external carotid 


Parapharyngeal Skull base to mandibular angle, Fat, minor salivary glands 
(PPS) borders PPS, CS, PS, MS 
Masticator (MS) Skull base to mandibular angle, Muscles of mastication, posterior 
lateral to PPS 
Parotid (PS) Enclosed within the parotid fascia, Parotid gland, CN7, lymph nodes, 
lateral to PPS, MS 
artery branches 
Visceral (VS) Hyoid to mediastinum, anterior to Thyroid and parathyroid glands, 
PVS, medial to CS larynx, hypopharynx, trachea, 
esophagus 
Carotid (CS) Carotid sheath, enclosed by all SHN: ICA, IJV, CN 9-12 
three layers of DCF, skull base to IFN: CCA, IJV, CN 10 (vagus) 
aortic arch (SHN + IFN) 
Retropharyngeal Skull base to T3, between visceral Fat and lymph nodes 
(RPS) and alar fascia 
Perivertebral Skull base to T4, posterior to RPS Prevertebral muscles, vertebral 
(PVS) bodies, scalene muscles, brachial 


plexus roots, phrenic nerve, vertebral 


artery and vein 


Common pathology 

Malignant tumors (mucosal = SCC or NPC 
and submucosal = minor salivary tumors or 
lymphoma) 

Pharyngitis, tonsillitis 

Benign salivary tumors, rare branchial cleft 
cyst or vascular malformation 

Odontogenic infections, venous 
malformations, sarcomas 

Pleomorphic adenoma 

Low and high grade malignant salivary 
neoplasms 

Acute or chronic parotitis 

Thyroid nodules, thyroid cancer, parathyroid 
adenoma, mucosal SCC, chondrosarcoma, 
diverticula 

Vascular pathology related to carotid 
(aneurysm, dissection, arteritis) or jugular 
vein (thrombosis or thrombophlebitis) Nerve 
sheath tumors 

Paragangliomas 

Metastatic lymph nodes (NPC, thyroid, 
hypopharynx, lymphoma) 

Suppurative lymph nodes (children) 
Effusion 

Discitis/osteomyelitis, longus colli tendinitis, 
Primary bone tumors (chordoma, ABC, 
osteoma, giant cell) 

Vertebral metastases 

Sarcomas 

Nerve sheath tumors 


SCC squamous cell carcinoma, NPC nasopharyngeal carcinoma, ABC aneurysmal bone cyst, SHN suprahyoid neck, [FH 
infrahyoid neck, /CA internal carotid artery, CCA common carotid artery, JJV internal jugular vein 


Take-Home Messages 
e The three layers of the deep cervical fascia define 
spaces, each with unique contents and pathology. 

e These spaces can be grouped as suprahyoid or 
infrahyoid, with some spaces, like the carotid and 
retropharyngeal spaces, spanning both levels. 

e Displacement of the parapharyngeal fat can help 
determine the site of origin of a suprahyoid mass. 

e The visceral space is the only space contained 
entirely in the infrahyoid neck, and it contains the 
thyroid and parathyroid glands as well as portions 
of the aerodigestive tract below the oropharynx. 
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Abstract 


This chapter addresses the rising global burden of Head 
and Neck Squamous Cell Cancer (HNSCC), a heteroge- 
neous group of cancers in the upper aerodigestive tract. 
We focus on the pivotal role of imaging modalities like 
CT, MRI, PET/CT, and US in the early detection, accurate 
staging, and management of HNSCC. The discussion 
includes the nuances of TNM staging, key upstaging fea- 
tures, and the evolving role of advanced imaging tech- 
niques such as MR/PET. The chapter highlights significant 
updates in the AJCC/UICC eighth edition, particularly 
concerning HPV-related cancers and the depth of invasion 
in oral cavity SCC. Special attention is given to the chal- 
lenges in diagnosing Neck Cancer of Unknown Primary 
(NCUP), underlining the importance of integrated imag- 
ing, clinical exam, and molecular markers. Overall, the 
chapter emphasizes the essential role of radiologists in the 
comprehensive management of HNSCC, combining 
imaging insights with clinical findings for optimal patient 
care. 
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Learning Objectives 

e Recognize the primary imaging modalities (CT, 
MRI, PET/CT) used in the diagnosis, staging, and 
surveillance of Head and Neck Squamous Cell 
Cancer (HNSCC), including their advantages and 
limitations. 

e Understand the principles and components of TNM 
staging according to the AJCC/UICC eighth edition 
for HNSCC. 

e Identify the anatomic boundaries and key upstaging 
features for different HNSCC sites: nasopharynx, 
oral cavity, oropharynx, and hypopharynx/larynx. 

e Appreciate the implications of cervical lymphade- 
nopathy in HNSCC, including the size criteria and 
features of abnormal lymph nodes, and the concept 
of perineural spread. 

e Understand the importance of surveillance in man- 
aging HNSCC, including the guidelines from 
NCCN and NI-RADS, and the role of PET/CT in 
this context. 


Head and Neck Squamous Cell Cancer (HNSCC) remains a sig- 
nificant global health burden with high morbidity and mortality 
rates. HNSCC encompasses a heterogeneous group of neo- 
plasms arising from the squamous epithelium of the upper 
aerodigestive tract, which includes the oral cavity, oropharynx, 
nasopharynx, hypopharynx, and larynx. It is the sixth most com- 
mon cancer worldwide with 890,000 new cases and 450,000 
deaths in 2018 [1, 2]. The incidence of HNSCC continues to rise 
and is projected to increase 30% annually by 2030 [3]. 

Traditionally, the highest rates of HNSCC occurred in 
older males due to tobacco and alcohol use [4]. However, a 
rising number of cases have been associated with human 
papillomavirus (HPV) infection in both developing and 
developed countries. This trend particularly affects younger 
and healthier patients and is often associated with oropha- 
ryngeal sites [5]. 
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Early detection and accurate staging of HNSCC are crucial 
for effective therapeutic strategy planning and prognostica- 
tion. To this end, imaging plays a pivotal role. In the following 
sections, we will delve into the specifics of the imaging meth- 
ods, the nuances of TNM (Tumor, Node, Metastasis) staging, 
anatomic boundaries of HNSCC, and key upstaging features. 
The aim of this chapter is to provide a comprehensive approach 
to the imaging and staging of HNSCC. 


17.1 Imaging Methods 

The choice of imaging modality in HNSCC is critical to accu- 
rately assess tumor extent, stage the disease, evaluate treatment 
response, and detect recurrence during surveillance. Computed 
tomography (CT), magnetic resonance imaging (MRI), and 
positron emission tomography/computed tomography (PET/ 
CT) are all essential tools. Each provide a unique and comple- 
mentary information that guide diagnosis, staging, treatment 
planning, and follow-up [3]. The selection depends on the loca- 
tion of the primary tumor, the suspected stage of disease, the 
patient’s clinical condition, and the available resources. 


17.1.1 Computed Tomography (CT) 


CT is widely used due to its accessibility, relatively low cost, 
and speed of acquisition. It provides excellent spatial resolu- 
tion and good contrast differentiation between soft tissue, 
bone, and air [6]. This makes it especially ideal for detecting 
bony invasion. 

Current advancements in multidetector CT technology per- 
mit scans with a slice thickness of under 1 mm. Ideally, a slice 
thickness of 3 mm is preferred. The images should be both 
reconstructed and viewed in bone and soft tissue windows. 

For oral cavity cancers, CT scans can assist in determining 
how deeply a tumor has infiltrated into the tongue’s deep mus- 
cles and whether it has reached the mandible. The “puffed 
cheek” method can enhance the assessment of lesions within 
the oral cavity. This method entails patients self-inflating their 
oral cavity with air by blowing out their cheeks which can 
unmask a lesion along the buccal mucosa or gingiva. Dental 
fillings can lead to significant beam hardening artifacts that can 
obscure important details within the scan plane. This issue can 
be rectified by re-scanning with a tilted gantry angle or using 
metal suppression techniques, such as dual-energy CT [7]. 

For other types of head and neck cancers, CT scans are 
generally beneficial in identifying advanced stages of can- 
cers that have infiltrated neighboring structures that are dif- 
ficult to detect clinically. For laryngeal cancers, CT scans 
can shed light on the invasion of the pre-epiglottic space, 
paraglottic space, and subglottic extension. Recent advances 
in dual-energy CT technology has improved the accuracy for 
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assessing cartilage invasion compared with conventional CT, 
a determinant for stage T4 disease [8]. 

However, CT may not clearly delineate early mucosal 
lesions or tumoral invasion into soft tissue structures, limit- 
ing its utility in certain scenarios and necessitating the use of 
MRI and/or PET/CT. 


17.1.2 Magnetic Resonance Imaging (MRI) 


MRI is superior in demonstrating the extent of soft tissue 
invasion and perineural spread (Table 17.1) [9]. Its high con- 
trast resolution makes it particularly valuable for imaging 
complex anatomical areas such as the skull base, nasophar- 
ynx, and parapharyngeal spaces. MRI is particularly useful 
for evaluating perineural tumor extension and cartilage inva- 
sion, especially when the cartilage is not ossified. MRI is 
also excellent for detecting early tumoral changes following 
treatment, distinguishing between fibrosis and recurrence. 
Nonetheless, obtaining a high-quality, full-neck image is 
more challenging with MRI than with CT due to its high 
susceptibility to motion artifacts. This can become particu- 
larly troublesome in post-treatment patients who might find 
it difficult to remain still for an extended duration. 


17.1.3 Positron Emission Tomography/ 
Computed Tomography (PET/CT) 


PET/CT combines the anatomical detail of CT with the meta- 
bolic activity visualization of PET, providing both structural 
and functional information. It is particularly useful in initial 
staging, especially for nodal staging, detecting distant metas- 
tases, and identifying an unknown primary [10, 11]. Moreover, 
during post-treatment surveillance, PET/CT can differentiate 
post-treatment changes from residual or recurrent disease 
with a high degree of accuracy [12]. However, PET/CT is not 
without downsides. It is not ideal for detecting very small 
tumors or microinvasion due to low spatial resolution. 
Furthermore, considerations such as cost, availability, patient 


Table 17.1 Standard MRI sequences 


MRI sequence Utility 

Noncontrast It offers anatomical views and can help identify 
T1-weighted tumor margins and infiltration into bone, 
imaging significantly contributing to staging the disease. 


T2-weighted 
imaging with fat 
suppression (FS) 


This is used for tumor identification and 
characterization and helps to identify neck 
lymph nodes. FS is generally used in this 
imaging to increase contrast although it can 
sometimes cause image artifacts. 

This utilizes gadolinium-based contrast agents 
for characterizing lesions and assessing 
intracranial extension of disease. 


Contrast-enhanced 
T1-weighted 
imaging with (FS) 
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preparation, extended examination time, and higher radiation 
dose present additional challenges that need to be weighed. 


17.1.4 Ultrasound (US) 


US is less frequently used for primary tumor evaluation due to 
its inability to penetrate bone and air-filled spaces. However, it 
can be valuable in specific circumstances. For instance, US is 
excellent for evaluating superficial structures such as thyroid 
and salivary glands and has high sensitivity for detecting cer- 
vical lymphadenopathy. Moreover, US is safe, cost-effective, 
and can be used for real-time image-guided biopsy of sus- 
pected lesions, providing a valuable adjunct. 


17.1.5 Up and Coming: Magnetic Resonance/ 
Positron Emission Tomography (MR/ PET) 


MR/PET is an emerging imaging modality that attempts to 
combine the strengths of MRI and PET. It offers the excellent 
soft tissue contrast resolution of MRI with the metabolic 
information of PET while reducing radiation exposure [3]. 
This hybrid imaging modality can potentially provide supe- 
rior information for tumor characterization, staging, and 
treatment response evaluation. However, larger, multicenter 
trials are necessary to validate FDG PET/MRI’s role in head 
and neck cancer. In addition, cost-related issues concerning 
purchase, maintenance, and reimbursement must also be 
addressed. Ultimately, practical standardized protocols are 
required for FDG PET/MRI to be adopted more broadly in 
the evaluation of head and neck cancers. 


Key Point 

e No single imaging modality can answer all clinical 
questions for HNSCC. Each method has its advan- 
tages and limitations. 

e The choice of modality should be tailored to the 
clinical question at hand, the anatomical location of 
the tumor, and the resources available. 


17.2 TNM Staging 


The eighth edition of the AJCC/UICC TNM classification 
system is an internationally recognized manual that provides 
a standardized language for discussing HNSCC [13]. The 
radiologist’s primary role is to provide the necessary ana- 
tomic information related to tumor assessment based on 
imaging characteristics that will allow the clinician to assign 
a correct TNM stage. 
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The “T” refers to the primary tumor’s size and extent. Its 
specific classification can range from TO, indicating no evi- 
dence of a primary tumor, to T4, which suggests a signifi- 
cantly advanced disease in terms of size and/or invasion into 
adjacent structures. The T classification varies depending on 
the site of the cancer; therefore, having ready access to the 
staging table is helpful for accurate classification. 

The “N” represents the degree of regional lymph node 
involvement. It is well recognized that cervical lymph node 
metastasis significantly impacts the prognosis of HNSCC 
patients. Identification of extranodal extension (ENE) is par- 
ticularly critical in upstaging tumors. 

The “M” refers to the presence (M1) or absence (MO) of 
distant metastasis. HNSCC typically metastasizes to the 
lungs, followed by bone and liver [14]. 


17.2.1 Key Changes in the AJCC/UICC Eighth 
Edition 


Oropharyngeal SCC (OPSCC): In the recent years, there has 
been a paradigm shift in the epidemiology with an increase 
in HPV-related (or p16-positivity as a surrogate) cases, par- 
ticularly in younger individuals with little to no history of 
tobacco use [15]. These typically show excellent responses 
to treatment, even in patients with advanced stage disease. 
Given the distinct clinical and biological behavior of 
pl6-positive OPC compared to pl6-negative OPC, it has 
been recognized as a separate entity requiring a specific stag- 
ing system. One key example is that for p16-positive OPC, 
the ipsilateral multiplicity of lymph node involvement is no 
longer considered, whereas it remains a significant factor in 
the staging of p16-negative OPC. 

Oral Cavity SCC (OCSCC): The depth of invasion (DOI) 
is now included as a component in the T staging as it has 
critical prognostic factor. While it is a pathologic measure- 
ment, studies have shown that there is good radiologic- 
pathologic correlation and the radiographic measurement is 
predictive of outcome [16]. 

Extranodal Extension (ENE): ENE has been incorporated 
in the N category, except for tumors associated with HPV. Its 
presence now upstages nodal disease to N3b for p16 negative 
and non-EBV lymph node SCC. 


Key Point 

e For radiologists who interpret OPC staging scans 
and participate in tumor boards, it is crucial to have 
knowledge of the p16 and HPV status. 

e While the staging of ENE primarily relies on clini- 
cal assessment, radiology can supply supportive 
evidence especially when physical examination 
results are ambiguous. 
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17.3 Nasopharyngeal Carcinoma (NPC) 
17.3.1 Anatomic Boundaries 


The nasopharynx’s anatomic boundaries consist of the ante- 
rior boundary (posterior nasal septum and choanae), the pos- 
terior boundary (vertebral bodies of C1-C2), and the lateral 
boundaries (tori tubarii, Eustachian tube orifices, and pha- 
ryngeal recess). The superior boundary is the base of the 
skull, specifically the undersurface of the sphenoid bone and 
basiocciput. The inferior boundary is the level of the soft pal- 
ate, which separates the nasopharynx from the oropharynx. 

This region is richly connected to adjacent critical struc- 
tures like the skull base, paranasal sinuses, cavernous sinus, 
and the orbits. This has significant implications when it 
comes to the spread of malignancies and the subsequent 
impact on staging and treatment planning. 


17.3.2 Key Upstaging Features 


The involvement of the parapharyngeal space up categorizes 
the T classification from T1 to T2. There is considered para- 
pharyngeal spread when the tumor invades laterally through 
the levator palatini muscle and pharyngobasilar fascia to 
involve the tensor palatini muscle and parapharyngeal fat 
space [17]. This can also act as a potential pathway for tumor 
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extension from the nasopharynx to the deeper neck spaces, 
the skull base, and other vital structures. Tumors that invade 
the parapharyngeal space often present as a more advanced 
disease and require more aggressive management [17]. 

NPC often invades the skull base upon diagnosis, upgrad- 
ing the disease from T2 to T3. The commonly invaded struc- 
tures include the clivus, pterygoid bones, body of the 
sphenoid, and petrous apices. The tumor also frequently 
infiltrates the skull base foramina and fissures, such as the 
foramen rotundum, foramen ovale, foramen lacerum, vidian 
canal, pterygomaxillary and petroclival fissures, as well as 
the pterygopalatine fossa (PPF) (Fig. ). This enables fur- 
ther spread to the orbit and intracranial structures by both 
direct and PNS, complicating treatment and worsening 
prognosis. 

NPC also have a tendency for early nodal spread due to 
the rich lymphatic network. Cervical lymph node involve- 
ment is a common finding and can further upstage the dis- 
ease. The nodal levels most frequently involved include 
retropharyngeal and levels II and III nodes. 


17.4 Oral Cavity SCC (OCSCC) 


The oral cavity includes various structures: lips, oral tongue, 
buccal mucosa, alveolar ridge, retromolar trigone, hard pal- 
ate, and the floor of the mouth (FOM). 


Fig. 17.1 Coronal (a) and axial (b) post-contrast Tl-weighted fat- 
suppressed images show an enhancing left nasopharyngeal mass invad- 
ing into the left pterygopalatine fossa (purple arrow), masticator space, 


and nasal cavity. There is perineural spread along the right V3 nerve 
into the left foramen ovale (yellow arrow) and cavernous sinus (red 
arrow) 
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17.4.1 Anatomic Boundaries 


The oral cavity extends anteriorly from the lips to the junc- 
tion of the hard and soft palate superiorly and to the line of 
the circumvallate papillae on the tongue inferiorly. The lat- 
eral borders are the buccal mucosa, extending posteriorly to 
the anterior tonsillar pillars. 

The FOM, the area under the tongue, is a common site for 
oral cavity cancers. The hard palate, forming the roof of the 
mouth, divides the oral and nasal cavities. The tongue is 
divided into the anterior two-thirds (oral part) and the poste- 
rior one-third (base). The alveolar ridges contain the tooth 
sockets, and the retromolar trigone is the small area behind 
the wisdom teeth. 

The oral cavity is richly supplied by branches of the exter- 
nal carotid artery, mainly the lingual artery. 


17.4.2 Key Upstaging Features 


Tumor thickness (TT) and the DOI are essential prognostic 
indicators in OCSCC [16]. Tumors that are thicker and 
invade deeper into the oral cavity tissues have a higher risk of 
metastasizing to the cervical lymph nodes and involving 
deep soft tissues. DOI refers to a specific pathological mea- 
surement taken during surgical resection, quantifying the 
extent the tumor has spread beneath the basement membrane 
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[18]. This is distinct from TT, which measures the vertical 
dimension of the tumor from the surface to its deepest point. 
Exophytic tumors may have a large TT but can exhibit mini- 
mal DOI, as they may be broad but not deeply invasive. 
Conversely, endophytic tumors may demonstrate a large 
DOI even if the TT is smaller due to a reduced diameter. 
Tumors with a DOI of more than 5 mm are categorized as T2 
or higher depending on other tumor characteristics. It is 
important to recognize that DOI is a pathologic measure- 
ment and because the primary treatment for oral cavity can- 
cer is surgical resection, pathologic staging will typically be 
performed. 

The inferior alveolar nerve is one of the branches of the 
mandibular nerve (V3), providing sensation to the lower 
teeth and the lower lip. It runs through the mandibular 
foramen and mandibular canal within the mandible and 
exits through the mental foramen. Its proximity makes it 
susceptible to invasion by OCSCC, especially those aris- 
ing in the lower gingiva or the FOM (Fig. 17.2). 
Involvement of this nerve signifies a more advanced tumor 
and portends a worse prognosis. In many cases, it might 
escalate the category to T4, depending on other character- 
istics of the tumor. It also necessitates a more aggressive 
surgical approach, including a mandibulectomy. Damage 
to or resection of the inferior alveolar nerve may lead to 
chronic numbness or pain in the area, decreasing the 
patient’s quality of life. 


Fig. 17.2 Axial Tl-weighted image (a) demonstrating a large T1 
hypointense mass arising from the right mandibular gingiva invading 
into the mandible and surrounding soft tissues, including the mandibu- 


17.5 Oropharyngeal SCC (OPSCC) 


17.5.1 Anatomic Boundaries 


The oropharynx is located at the central portion of the phar- 
ynx, extending from the soft palate superiorly to the level of 
the hyoid bone inferiorly. It plays a vital role in speech and 
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lar canal. Coronal post-contrast T2-weighted fat saturated images (b—d) 
showing perineural spread of tumor along the right inferior alveolar 
(red arrow) and V3 nerve (purple arrow) 


swallowing and is delineated by several distinct structures. It 
includes the base of the tongue, the palatine tonsils, and the 
posterior pharyngeal wall, which forms the posterior bound- 
ary. The palatine tonsils are housed in the tonsillar fossa 
which is the space between the anterior tonsillar pillar, or the 
palatoglossal arch, and the posterior tonsillar pillar, or the 
palatopharyngeal arch. 
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Fig. 17.3 Axial T1-weighted image shows a large right floor of mouth 
mass invading into the ipsilateral genioglossus and hyoglossus muscles 
with encasement of the right lingual artery. The tumor extends posteri- 
orly into the right tonsil across the glossotonsillar sulcus 


17.5.2 Key Upstaging Features 


The extrinsic muscles of the tongue include the genioglos- 
sus, hyoglossus, styloglossus, and palatoglossus muscles. 
They are fundamental in orchestrating the movements of the 
tongue, assisting in functions like speech, mastication, and 
deglutition. In the context of OPSCC, the involvement of any 
one of the muscles serves as a sign of the tumor’s spread and 
aggressiveness and up categorizes to T4 regardless of the p16 
status. Imaging plays a particular role as it is difficult to 
determine their involvement clinically. CT and MRI may 
reveal irregularities, thickening, or a loss of symmetry that 
indicates malignant involvement (Fig. 17.3). 


17.6 Hypopharynx/Larynx SCC 
17.6.1 Anatomic Boundaries 


The larynx serves as a complex organ for voice production, 
airway protection, and breathing. It spans from the epiglottis 
to the trachea and consists of three main parts: supraglottis, 
glottis, and subglottis. Supraglottis includes the epiglottis, 
aryepiglottic folds, arytenoids, and laryngeal ventricles. It is 
important to note that the anterior surface of the aryepiglottic 
folds resides in the larynx, while the posterior surface is part 
of the hypopharynx. Anteriorly, there is the triangular fat 
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containing space between the epiglottis and hyoid bone 
called the pre-epiglottic space. The glottis is home to the true 
vocal cords which comes together at the anterior commissure 
and posterior commissure. On either side of the larynx exists 
a fat-containing space called the paraglottic space. The sub- 
glottis extends from 1 cm below the lateral margin of the 
ventricle to the inferior margin of the cricoid cartilage. 

The hypopharynx represents the lower part of the phar- 
ynx, bridging the oropharynx to the esophagus and larynx. It 
extends from the hyoid bone to the cricoid cartilage, contain- 
ing subsites: pyriform sinuses, posterior pharyngeal wall, 
and post-cricoid region. 

The pyriform sinuses are pear-shaped recesses on either 
side of the laryngeal opening. Lying between the thyroid car- 
tilage and thyrohyoid membrane, they are considered a com- 
mon location for hypopharyngeal carcinoma. The posterior 
pharyngeal wall is the back wall of the pharynx, descending 
from the level of the soft palate to the esophagus, behind the 
larynx. Its muscular layer helps in swallowing. The post- 
cricoid region lies behind the cricoid cartilage and continues 
as the esophagus. Although less common, tumors can arise in 
this location. 


17.6.2 Key Upstaging Features 


Invasion into the paraglottic space for all subtypes of laryn- 
geal SCC is a poor prognostic factor and up categorizes the 
tumor to a T3 lesion. MRI is usually the preferred modality 
due to its excellent soft tissue contrast, allowing the precise 
delineation of the tumor from the surrounding fatty tissue. 
CT can also be valuable, especially in preoperative 
planning. 

Involvement of cartilages and extralaryngeal extension 
are significant factors separating between T3 and T4a cate- 
gories for both laryngeal and hypopharyngeal SCC 
(Figs. 17.4 and 17.5). This carries significant surgical impli- 
cations, as these structures maintain the structural integrity 
of the larynx. Their invasion usually necessitates aggressive 
management, including total laryngectomy, which has seri- 
ous consequence for patient’s quality of life. Therefore, iden- 
tifying cartilage involvement through imaging is crucial 
although it often challenging. Typically, MRI has higher sen- 
sitivity than CT, but motion artifact poses a serious problem. 
CT remains a preferred method for imaging the larynx and 
hypopharynx, but it may miss disease involvement of a non- 
ossified cartilage. Dual-energy CT seems to offer promising 
improvements in detecting cartilage invasion, especially in 
reducing overestimation of cartilage invasion, thereby pre- 
venting unnecessary total laryngectomy [19]. 

Prevertebral space involvement, or the fixation of a tumor 
to the prevertebral muscles, is clinically challenging to 
assess. The invasion of this space signals a very advanced 
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Fig. 17.4 Axial contrast-enhanced CT showing a heterogeneously 
enhancing left laryngeal mass invading into the overlying thyroid carti- 
lage with infiltration of the strap musculature. The left aspect of the 
cricoid cartilage is sclerotic, also raising the possibility of involvement 
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Fig. 17.5 Axial contrast-enhanced CT (a-c) demonstrating a left supraglottic/piriform sinus squamous cell carcinoma invading into the left para- 
glottic fat (yellow arrow). The tumor extends into the hypopharynx via the widened thyroarytenoid interval (red arrow) 


disease, categorized as T4b, and generally indicates unre- 
sectability. The use of imaging to identify the preservation of 
the retropharyngeal fat plane offers a valuable diagnostic 
tool, as it can accurately predict the absence of direct tumor 
infiltration into the prevertebral space [20]. 


17.7 Cervical Lymphadenopathy 


Identification of nodal metastases is critical in treatment and 
prognosis of HNSCC. A single lymph node metastasis 
decreases the 5-year survival rate to half. If there is an addi- 


tional contralateral nodal metastasis, the survival rate is 
roughly halved again to 33% [21]. 

The mnemonic “CRISPS” can be used when assessing for 
cervical lymphadenopathy [14]: 


Clustering: Clustering refers to a group of three or more 
abutting nodes without intervening fat planes measuring 
8-15 mm long or 9-10 mm short axis in the jugulodigas- 
tric area and 8—9 mm elsewhere in the neck. It portends a 
poorer prognosis than isolated nodes. 

Rounded shape: Typically, lymph nodes have an oblong or 
elongated shape when they are healthy. However, when 
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Fig. 17.6 Axial contrast enhanced CT (a, b) showing a large, necrotic, 
ill-defined, heterogeneously enhancing right cervical lymphadenopathy 
encasing the right internal carotid (red arrows) and vertebral (yellow 


they take on a more spherical or rounded shape, it often 
indicates a higher probability of metastasis. 

Inhomogeneity: A metastatic lymph node is composed of a 
mix of tumor cells, native lymph node tissue, and areas of 
necrosis, leading to an internally heterogeneous appear- 
ance. If the heterogeneous area is larger than 3 mm, it is 
referred to as “central necrosis” and is one of the most 
reliable imaging indicators of metastatic disease. 

Size: The size criteria and measurement techniques vary 
widely and may depend on the institution and clinicians’ 
preference based on sensitivity and specificity. For exam- 
ple, at our institution, we use the largest long axis diame- 
ter on axial imaging greater than 15 mm in level I and II 
(Gjugulodigastric), and greater than 10 mm at other loca- 
tions in the neck [22]. Other institutions may employ a 
1-cm short axis cutoff [23]. It is important to understand 
that while size criteria can guide suspicion, it is not defini- 
tive. Approximately 20% of nodes larger than 1-cm short- 
axis diameter may show only hyperplasia, while 23% of 
nodes with ENE measure less than 1-cm [24]. The mor- 
phology and internal characteristics of a lymph node are 
arguably more reliable at identifying its pathological 
status. 

Periphery: Any abnormalities along the borders of the lymph 
node can indicate underlying ENE, where the cancer cells 
breach the outer boundary of the lymph node. On imaging 
modalities, this often manifests as irregular nodal mar- 
gins, capsular enhancement, and surrounding fat strand- 
ing (Fig. 17.6). Recognizing ENE is crucial at it indicates 
a more aggressive disease and increases the likelihood of 
recurrence by up to 10 times. 

Sentinel node: The sentinel node is the first lymph node or 
group of nodes that cancer cells are most likely to spread 
to from the primary tumor. For majority of the oral cavity 
and oropharyngeal SCC, the jugulodigastric node serves 


arrows) arteries. The lesion is also inseparable from the prevertebral 
musculature raising the possibility of invasion (purple arrows) 


as the sentinel node. Tongue-based SCC can occasionally 
bypass the level II nodes and spread to an ipsilateral level 
IHI or IV nodes. This information can increase the index of 
suspicion for nodal disease even when the appearance 
may be near normal. 


Key Point 

e Lymph node metastasis negatively impacts the 
prognosis in HNSCC. 

e “CRISPS” mnemonic guides cervical lymphade- 
nopathy assessment, including clustering, rounded 
shape, inhomogeneity, size, periphery, and sentinel 
nodes. 

e Node morphology and internal characteristics are 
more telling than size alone, especially noting 
extracapsular spread. 


17.8 Perineural Spread (PNS) 


PNS involves the dissemination of the tumor along the nerve 
sheaths, but it is often loosely used to encompass neoplastic 
involvement along any or all compartments of a nerve. The 
significance of PNS on prognosis cannot be overstressed. It 
increases the probability of locoregional recurrence by 300% 
and decreases the 5-year survival rate by 30% [25]. Clinically, 
PNS can lead to functional deficits based on the nerve 
involved, sometimes leaving lastingdebilitation even after 
treatment. Therefore, the role of imaging becomes invaluable 
in detecting PNS. 
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Primary imaging features of PNS include nerve enhance- 
ment and thickening, as well as obliteration of perineural fat 
at foraminal openings. In advanced cases, bony erosion of 
the skull base foramina can be present. Secondary imaging 
features involve denervation atrophy of the muscles supplied 
by the nerves. Early on, T2-weighted MR images show mus- 
cle hyperintensity, resembling edema, and increased contrast 
enhancement due to increased perfusion. Over time, muscle 
atrophy with fatty replacement is evident. 

The trigeminal nerves, particularly the maxillary and 
mandibular divisions, frequently become conduits for PNS 
due to their extensive network across the head and neck. 
Tumors from the facial region, as well as oropharyngeal and 
sinonasal cancers, can spread along the maxillary nerve. 
Furthermore, any skull base tumors that infiltrate the PPF 
can also extend to the brain through the foramen rotundum. 

The mandibular nerve is often affected by masticator 
space and skull base tumors, such as NPC. Cancers of the 
submandibular gland, tongue, and mouth floor can invade the 
lingual or inferior alveolar nerve, and track back along the 
mandibular nerve and the foramen ovale, which is a portal 
for extending intracranially, particularly into the cavernous 
sinus. 

Parotid gland tumors can affect the facial nerve, spreading 
cranially as far as the internal auditory canal. They can also 
infiltrate along the auriculotemporal nerve to involve the 
mandibular nerve. In addition, any tumors involving the PPF 
can also infiltrate the facial nerve along the vidian and greater 
superficial petrosal nerves. 


Key Point 

e PNS drastically affects outcomes, increasing 
locoregional recurrence and decreasing the 5-year 
survival rate. 

e Primary imaging features include nerve enhance- 
ment/thickening and secondary features, such as 
denervation atrophy. 

e The trigeminal nerves, especially the maxillary and 
mandibular divisions, frequently serve as pathways 
for PNS, affecting the course and treatment of vari- 
ous head and neck cancers. 


17.9 Surveillance 


HNSCC often recurs within the first 3 years after treatment, 
making this period crucial for clinical and imaging surveil- 
lance [26]. Despite development of evidence-based guide- 
lines, none is universally accepted for surveillance timing 
and modality. 
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In general, there is a consensus that baseline post- 
treatment imaging should be performed within 6 months 
after therapy completion. This initial study could be chal- 
lenging to interpret due to distorted anatomy after recon- 
struction flaps and radiation but will aid in reading subsequent 
follow-up studies. Thus, understanding the expected post- 
treatment findings is crucial to differentiate between treat- 
ment changes, residual tumor, and early recurrence. Ideally, 
the baseline scan should not show any signs of the remaining 
primary mass or abnormal lymph nodes. 

The role of surveillance imaging for asymptomatic 
patients after initial post-treatment is less clear due to limited 
literature. However, given the high recurrence rates and dif- 
ficulty identifying recurrences, many institutions routinely 
monitor advanced HNSCC for 2-3 years post-treatment [3]. 

In 2018, Neck Imaging Reporting and Data System 
(NI-RADS) was introduced to standardize surveillance 
imaging algorithm for HNSCC [27]. It offers standardized 
descriptions for the primary site and regional nodal basin. 
They include a recurrence suspicion level at each site, linked 
to management suggestions. NI-RADS enhances report con- 
sistency and communication, aiding clinical decisions. 
Studies confirm its reliability, with good interreader agree- 
ment and strong discriminatory ability in assessment 
categories. 

Incorporating PET/CT in surveillance is increasingly 
popular due to its ability to detect metabolic changes before 
structural ones. It proves especially valuable in differentiat- 
ing between post-treatment changes and tumor recurrence 
with studies showing specificity as high as 100% and NPV of 
90-100% [3]. However, the interpretation requires caution. 
False positives can arise from inflammatory changes, espe- 
cially when performed earlier than 12 weeks. Also, false 
negatives are possible with small lesions due to limited spa- 
tial resolution. Moreover, factors like cost, radiation expo- 
sure, and limited accessibility may limit its universal 
adoption. Regardless, in instances of clinical uncertainty, 
PET/CT remains a useful adjunct. 

Ultimately, there is no rigid surveillance plan, and several 
factors must be considered. Firstly, the initial disease stage is 
pivotal; advanced stages necessitate more frequent monitor- 
ing. The type and intensity of treatment received play a role 
as well. Patients who undergo aggressive treatments, given 
their higher potential for complications, may be monitored 
more closely. The presence of residual symptoms, such as 
persistent pain or swelling, also directs the surveillance 
intensity. 

Patient and clinician comfort is a nuanced yet essential 
aspect. Some patients may prefer more frequent check-ups 
for peace of mind, while others might find it anxiety- 
inducing. Tailoring surveillance to individual needs, bal- 
anced with evidence-based recommendations, is vital. 
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The overarching aim is to strike a balance between thor- 
oughness and patient well-being. Over-surveillance may 
lead to unnecessary interventions, elevated healthcare costs, 
and undue anxiety. On the other hand, infrequent monitoring 
can miss early signs of recurrence. Thus, surveillance should 
be patient-centric, evidence-guided, and continuously evolv- 
ing based on the latest research and individual patient 
progress. 


Key Point 

e HNSCC often re-emerges within 3 years, stressing 
early and robust post-treatment surveillance. 

e The 2018 NI-RADS system standardizes HNSCC 
surveillance, while PET/CT is emerging as a valu- 
able tool for differentiating post-treatment changes 
from recurrences. 

e Surveillance must be tailored to individual patient 
needs and disease specifics, balancing evidence- 
based recommendations with patient well-being 
and comfort. 


17.10 Neck Cancer of Unknown Primary 
(NCUP) 


A challenging scenario in the realm of head and neck oncol- 
ogy is the diagnosis of cervical metastatic squamous cell car- 
cinoma without an identifiable primary tumor, also known as 
NCUP. Approximately 3% of patients presenting with cervi- 
cal lymphadenopathy, typically in the upper jugular chain, 
have no apparent primary tumor after a thorough clinical and 
radiographical evaluation [28]. 

The initial workup for NCUP involves a comprehensive 
clinical examination, office-based endoscopy, fine-needle 
aspiration (FNA) of the neck lymph node, and medical imag- 
ing. For a definitive diagnosis, operative panendoscopy with 
directed biopsies and palatine and/or lingual tonsillectomy 
are often required. 


The HPV or EBV status obtained from the FNA sample is 
crucial, as over 90% of NCUP cases are related to 
HPV. Typically, HPV-related NCUP has its primary tumor in 
the base of the tongue and tonsillar fossa. Following this, 
EBV-related nasopharyngeal carcinoma is the next most 
common occult primary tumor. Advanced imaging, includ- 
ing CT, MRI, and PET/CT, often targets these areas for 
potential tumor detection in P16-positive cases (Fig. 17.7). 

In contrast, a P16-negative status complicates the search. 
The primary tumor could be in numerous head and neck 
sites, or even more remotely in areas like the lungs. In these 
situations, a systematic and comprehensive evaluation is 
crucial. 

PET/CT has a pivotal role in pinpointing unknown prima- 
ries. Particularly in the early stages, where anatomical 
changes may be subtle, the metabolic activity picked up by 
PET can guide the search. 

When both advanced imaging and panendoscopy do not 
yield results, a “wait and watch” strategy might be adopted, 
especially if the lymph nodes have been surgically excised. 
Some primaries manifest later, while others never reveal 
themselves. The latter group, despite the mystery, often 
experiences favorable outcomes, paralleling those of known 
primary tumors. 


Key Point 

e NCUP denotes cervical metastatic squamous cell 
carcinoma where the primary tumor remains 
undetected. 

e Most NCUP cases are HPV-related, often originat- 
ing from the base of the tongue or tonsillar fossa. 

e Advanced imaging (e.g., PET/CT) becomes instru- 
mental in pinpointing these elusive primaries, espe- 
cially given their metabolic activity. 
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Fig. 17.7 Patient initially 
presented with right cervical 
lymphadenopathy with the 
biopsy showing p16-positive 
squamous cell carcinoma. 
PET-CT (a) shows a small 
focal FDG avidity at the right 
tongue base in keeping with 
the primary site of tumor. On 
the corresponding CT (b) and 
MRI (c and d), only subtle 
soft tissue thickening and 
enhancement are appreciated 
(green arrows) 


17.11 Concluding Remarks 


Radiologists play a central role in the management of 
HNSCC. Advanced imaging techniques, from PET/CT to 
MRI, are crucial for accurate diagnosis and staging. It is 
vital to recognize key upstaging features such as PNS and 
ENE as they have a significant bearing on treatment and 
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outcomes. Familiarity with the AJCC/UICC eighth edi- 
tion and its updates aids in consistent and accurate report- 
ing. The challenge of HNSCC with an unknown primary 
highlights the importance of integrating imaging with 
markers like P16. Ultimately, radiologists provide essen- 
tial insights that influence patient management decisions 
in HNSCC. 


Take-Home Messages 

e Advanced imaging techniques are central to the 
precise staging and surveillance of HNSCC, with 
modalities like PET/CT offering a comprehensive 
insight into tumor behavior and spread. 

e The refined criteria in AJCC/UICC eighth edition 
highlight the importance of specific anatomical and 
molecular markers, such as P16 status, in dictating 
prognosis and guiding therapeutic strategies. 

e Invasion into critical structures, like the paraglottic 
space or cartilage, significantly impacts the upstag- 
ing and prognosis of HNSCC. 

e Cervical lymphadenopathy and perineural spread 
are pivotal factors influencing disease spread and 
patient outcomes, requiring meticulous evaluation. 

e In the challenging realm of HNSCC with unknown 
primary, an integrated approach using advanced 
imaging, molecular markers, and endoscopy is 
imperative for accurate diagnosis and treatment 
planning. 
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Abstract 


Myelopathy and radiculopathy can be due to extrinsic 
causes, most often degenerative in origin. Imaging can 
elucidate an often-confusing clinical picture to guide 
management and provide prognostic information. For 
intrinsic causes of myelopathy, the differential diagnosis 
categories include demyelination, inflammation, infec- 
tion, vascular, and neoplasm. The combination of clinical 
symptoms, timing of presentation, and imaging features 
can help narrow the differential diagnosis. 
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Learning Objectives 

e Explain the clinical differences between myelopa- 
thy and radiculopathy to help develop the appropri- 
ate differential diagnosis. 

e Review the pathophysiology of degenerative changes 
that result in myelopathy and/or radiculopathy. 

e Describe the etiologies that result in extrinsic 
myelopathy. 

e Discuss differentiating imaging features of inflam- 
matory, infectious, vascular, and metabolic spinal 
cord pathologies. 
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18.1 Clinical Presentation 

Spinal cord lesions may result in the clinical findings of 
myelopathy, presenting as abnormalities in motor, sensory, 
and autonomic pathways which can be manifest as paresthe- 
sias, decreased dexterity, changes in mobility, or frequent 
falls. When a patient has a lesion either intrinsically or 
extrinsically affecting a spinal nerve or plexus, they may 
present with radiculopathy, which includes pain, weakness, 
reflex changes, and sensory loss in the specific nerve distri- 
bution. The lumbosacral cauda equina nerve roots are the 
peripheral transition distal to the conus medullaris of the 
central nervous system. As these two areas are in close- 
proximity, lesions in one area can affect the function of the 
other. 


18.2 Myelopathy 


Lesions that cause myelopathy may either be extrinsic com- 
pressive or intrinsic non-compressive to the spinal cord. 
Although many etiologies can have overlapping imaging 
appearances, clinical history and demographics are critical to 
narrow the possible etiologies. The pattern of spinal cord 
involvement is also important to consider and can help in 
developing a differential diagnosis. 


Key Point 

e When a patient presents with symptoms of myelop- 
athy, it is important to consider both extrinsic com- 
pressive lesions, which may necessitate surgical 
intervention, and pathologies that involve the spinal 
cord parenchyma. 
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18.2.1 Extrinsic 


Degenerative cervical myelopathy (DCM) is a very common 
cause of myelopathy due to extrinsic compression. DCM 
reflects age-related chronic spinal cord injury through degen- 
erative changes of the spinal axis with both static and 
dynamic contributing factors. Disc degeneration includes 
loss of disc height, disc herniations, osteophyte formation, 
and thickening of the ligamentum flavum, which may result 
in loss of cervical lordosis. There may be instability or 
hypermobility due to the ligamentous laxity, which may put 
stress on the facet and uncovertebral joints with resultant 
hypertrophy. The osteophytes and buckled ligaments may 
cause static compression of the spinal cord, which is further 
exacerbated by the straightened or kyphotic alignment with 
stretching of the spinal cord while the hypermobility contrib- 
utes to dynamic injury. Regional and local spinal cord perfu- 
sion are compromised in DCM. The blood-spinal cord 
barrier may be disrupted with chronic ischemia followed by 
an influx of inflammatory cells into the spinal cord paren- 
chyma with subsequent inflammation [1]. 

DCM pathophysiology is reflected in the imaging appear- 
ance. Patients with DCM may have hyperintensity within 
the cord on T2WI (T2-weighted imaging) and, less com- 
monly, hypointensity on TIWI (Tl-weighted imaging) in 
the region of the compression. The prevalence of hyperin- 
tense signal on T2WI among patients with clinically con- 
firmed DCM has been reported within the range of 58-85%. 
T2WI hyperintensity may be strongly hyperintense and 
well-circumscribed or less hyperintense and diffuse (with- 
out a clear margin). It is thought that these changes repre- 
sent different states of pathology and have different recovery 
potentials [2]. DCM may also have a distinct pattern of con- 
trast enhancement: a transverse axial or pancake-like 
enhancement at or just caudal to the site of maximal stenosis 
and at the rostrocaudal midpoint of a spindle-shaped T2 
hyperintensity (Fig. 18.1). This enhancement can persist for 
months, even years, following surgical decompression [3]. 
Clinical correlation is essential for the diagnosis of DCM 
since cervical degenerative disc disease is ubiquitous. One 
study found that up to 60% of asymptomatic individuals 
older than 40 years of age can show degenerative changes 
on MRI [4], while another showed that up to 90% over the 
age of 60 years and associated with age and degeneration in 
other spinal segments [5]. 


Key Point 
e DCM may have a distinct pancake-like enhance- 
ment at the site of maximal stenosis. 
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Epidural lesions such as spontaneous epidural hematoma 
(SEH) and epidural abscess may cause neurologic deficits 
due extrinsic compression. SEH is the atraumatic accumula- 
tion of blood in the epidural space due to multiple potential 
etiologies such as coagulopathy, anticoagulation, neoplasm, 
vascular malformation, hypertension, increased intra- 
abdominal or intra-thoracic pressure (such as straining, 
sneezing, lifting), and idiopathic (40-60% of cases). Patients 
with spontaneous spinal epidural hematoma typically pres- 
ent with acute onset of severe back pain and rapidly develop 
signs of compression of the spinal cord or cauda equina 
nerve roots. The pathophysiology is hypothesized to be due 
to venous bleeding [6] or, less likely, arterial bleeding. CT 
may reveal hyperdense blood products effacing the 
hypodense fat in the epidural space. Similarly on MRI, 
effacement of the T1 hyperintense epidural fat is a helpful 
clue to the epidural location. MR imaging appearance of 
SEH changes over time as the hemoglobin evolves 
(Table 18.1). SEH may demonstrate mild peripheral enhance- 
ment [7] (Fig. 18.2). 

Epidural abscess may occur due to hematogenous dis- 
semination, direct inoculation, or extension from contiguous 
infected tissues, such as discitis-osteomyelitis. Patients may 
present with neck or back pain and fever. The severity of 
neurological deficits depends on the extent of cord compres- 
sion. An epidural abscess will show central nonenhancing 
fluid signal intensity, with irregular and thick peripheral 
enhancement. Diffusion-weighted imaging (DWI) can be 
extremely helpful in the diagnosis of spinal epidural abscess, 
as it is in the brain, showing markedly increased signal with 
infection (Fig. 18.3). Although blood products may also 
show increased signal on DWI [8], imaging clues such as 
paraspinal edema/enhancement/abscess or bone marrow 
edema/enhancement may point to infectious process. The 
appearance of epidural phlegmon is usually amorphous T1 
isointense to hypointense, and T2 hyperintense fluid which 
effaces the epidural fat. Phlegmon shows diffuse enhance- 
ment while abscess will demonstrate peripheral 
enhancement. 

Neoplastic lesions involving the extradural space, origi- 
nating in the osseous structures or the epidural compartment, 
can compress the spinal cord and nerve roots. A pathologic 
fracture with retropulsion of bone can result in cauda equina 
syndrome (e.g., urinary retention urinary/fecal incontinence, 
saddle anesthesia, lower extremity weakness, back and/or 
leg pain). Imaging features on conventional MRI that favor a 
pathologic fracture include abnormal posterior element sig- 
nal, epidural or paravertebral soft tissue mass, geographic 
replacement of normal marrow signal, irregular margins, and 
bowing of the posterior cortex [9] (Fig. 18.4). The acutely 
impacted spinal cord may exhibit intramedullary T2 hyperin- 
tensity due to edema. 


18 Evaluation of Myelopathy and Radiculopathy 


269 


Fig. 18.1 (a) Sagittal and (c) axial T2WI shows focal intramedullary 
hyperintensity at the C5 level. (b) Sagittal contrast-enhanced T1WI 
demonstrates horizontal, “pancake-like” enhancement at this level, 


Table 18.1 MRI of spontaneous epidural hematoma 


Age 
Acute 


Early 
subacute 
Late 
subacute 
Chronic 


MRI appearance 

Nonspecific fluid intensity: T1 isointense, T2 
heterogeneous hyperintense 

T1 hyperintense, T2 hypointense 


T1 hyperintense, T2 hyperintense 


T1 hypointense, T2 hypointense 


characteristic of DCM. (d) Axial contrast-enhanced T1 WI shows irreg- 
ular, peripheral enhancement 


Key Point 

e MRI features of a pathologic fracture include 
abnormal posterior element signal, soft tissue mass, 
abnormal marrow signal, irregular margins, and 
bowing of the posterior cortex. On the other hand, 
an osteoporotic fracture shows normal posterior 
element signal intensity, retropulsion of the poste- 
rior cortex, linear horizontal hypointense T1/T2 
band, fluid sign, and normal enhancement relative 
to adjacent vertebrae. 
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Fig. 18.2 (a) Sagittal STIR MRI shows heterogeneous hyper-/hypoin- 
tense collection in the dorsal epidural space. (c) Axial T2WI demon- 
strates anterior displacement and mass effect on the thecal sac by the 
SEH. (b) Sagittal and (d) axial contrast-enhanced T1 WI shows periph- 
eral enhancement of the dorsal epidural collection 


Intradural extramedullary lesions can also impinge upon 
the spinal cord, resulting in myelopathic symptoms. 
Meningiomas are common intradural extramedullary spinal 
lesions, which arise from the arachnoid meningothelial cells, 
are commonly in the thoracic segment (80%), and shows a 
female predilection [10]. Although the majority of meningio- 
mas are World Health Organization grade I, they are symp- 
tomatic because of spinal cord or nerve root compression. 
Patients may experience gait ataxia, localized or radicular 
pain, and sensorimotor deficits. On MRI, meningiomas dem- 
onstrate T1 iso-/hypointensity, slight T2 hyperintensity, and 
avid enhancement (Fig. 18.5). Tapered enhancing margins, 
(dural tail) can be a helpful imaging clue. Susceptibility arti- 
facts may be present if there is calcification. Densely calci- 
fied lesions may be confusing on post-contrast images as 
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they tend to show very little central enhancement. The com- 
pressed spinal cord will exhibit intramedullary T2 
hyperintensity due to edema and gliosis in the setting of 
chronic impingement. 

Ventral displacement of the spinal cord may reflect a vari- 
ety of lesions which may be anterior or posterior to the cord. 
Primary posterior lesions include arachnoid web and arach- 
noid cyst. A ventral lesion is transdural cord herniation. 
Arachnoid webs are an intradural extramedullary transverse 
bands of arachnoid tissue that extends to the dorsal surface of 
the spinal cord, causing mass effect and dorsal cord indenta- 
tion. Altered CSF flow dynamics from this web may result in 
cord edema which may eventually develop into syringomy- 
elia. Patients may present with back pain and upper and 
lower extremity weakness and numbness. On MRI or CT 
myelogram, the arachnoid web causes a characteristic focal 
dorsal indentation of the dorsal spinal cord, “scalpel sign” 
[11] (Fig. 18.6a, b, c). Spinal cord herniation is considered 
when there is focal ventral protrusion of the spinal cord is a 
patient with back pain and motor and sensory deficits. The 
“C-shape” of the dorsal indentation favors spinal cord her- 
niation [12] (Fig. 18.6d, e). Although most spinal cord her- 
niation cases are idiopathic, other uncommon etiologies 
include prior trauma, dural rent due to disc protrusion, con- 
genital dural defect, or inflammatory process leading to 
adhesion of the cord to the ventral dura. 


18.2.2 Intrinsic 


Non-compressive lesions affecting the spinal cord paren- 
chyma can result in myelopathy. The MRI pattern, particu- 
larly on the T2WI sequences, can be helpful in developing 
differential diagnosis. However, the temporal presentation 
and clinical signs and symptoms are crucial to narrow the 
differential considerations. For example, infectious pro- 
cesses and vascular injuries tend to present acutely. On the 
other hand, if the patient’s myelopathic symptoms are insidi- 
ous in onset or progressive, differential considerations 
include metabolic or inflammatory processes and intramed- 
ullary neoplasm. 

Demyelinating diseases may have characteristic imaging 
features on brain and spine MRI that may be helpful in dis- 
tinguishing between the different demyelinating diseases 
(Fig. 18.7). Multiple sclerosis (MS) is the prototypical demy- 
elinating disease, characterized by waxing and waning 
symptoms related to brain and spinal lesions. The spinal 
cord, particularly the cervical segment, is affected in more 
than 90% of patients with clinically definite MS. The classic 
spinal cord MS plaque is an ovoid T2 hyperintense lesion, 
spanning less than two vertebral bodies craniocaudally, 
affecting less than half the cross-section of the cord, and 
located in the posterior and posterolateral cord [13]. Active 
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Fig. 18.3 (a) Sagittal 
contrast-enhanced T1 WI 
demonstrates a peripherally 
enhancing fluid collection in 
the patient with increasing 
upper back pain and mild 
leukocytosis. (b) Sagittal 
DWI shows hyperintensity in 
this collection due to the 
purulent material. (c) Axial 
contrast-enhanced T1 WI and 
(d) T2WI show compression 
and anterior displacement by 
this epidural abscess 


lesions may show mild swelling, and transient breakdown of 
the blood—cord barrier can result in lesion enhancement of 
the lesion. Chronic disease may result in spinal cord atrophy 
with focal areas of gliosis due to axonal loss. 

Other demyelinating lesions involve longer segments of 
the spinal cord. Acute disseminated encephalomyelitis 
(ADEM) is a monophasic illness that may occur after viral 
illness or vaccination due to autoimmune reaction to myelin 
basic protein. ADEM lesions are poorly marginated, longer 
in the craniocaudal extent, involve a greater cross-section of 
the spinal cord, variably enhance, and tend to involve the 
thoracic spinal cord. 

Neuromyelitis optica spectrum disorder (NMOSD) is a 
demyelinating process that involves the optic nerves and spi- 
nal cord, with brain involvement concentrated in the distribu- 
tion of the aquaporin four channels (e.g., hypothalamus, 
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periaqueductal gray matter, area postrema). The spinal cord 
lesions are classically greater than three vertebral bodies in 
craniocaudal extent (longitudinally extensive), involve the 
central gray matter and greater than 2/3 of the cord cross- 
section, and frequently extend cephalad to the medulla [14]. 
Some lesions have heterogeneous internal foci of T2 hyper- 
intensity, described as “bright spotty lesions” [15]. There 
may be variable enhancement and tumefactive cord 
expansion. 

Myelin Oligodendrocyte Glycoprotein IgG Associated 
Disease (MOGAD) is a distinct severe demyelinating pathol- 
ogy related to a glycoprotein on the myelin surface, which 
may be confused with NMOSD. Children older than 9 years 
of age and adults present with optic neuritis, usually bilat- 
eral, longitudinally extensive transverse myelitis, and brain- 
stem lesions [16]. Conus medullaris predilection [17], central 
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Fig. 18.4 (a) Sagittal T2WI 
and (b) contrast-enhanced 
T1WI show multiple osseous 
metastases involving the 
lower thoracic and lumbar 
spine with a pathological 
fracture of T12. (c) Axial 
T2WI and (d) axial contrast- 
enhanced T1 WI demonstrate 
bowing of the posterior cortex 
and the epidural extension 
causing severe narrowing of 
the spinal subarachnoid space 
and compression of the distal 
spinal cord 


grey matter involvement, and lack of enhancement are more 
characteristic features of MOGAD. 

Sarcoidosis is chronic idiopathic, multisystem inflamma- 
tory disorder which can involve the central nervous system in 
up 25% of patients [18], with intramedullary involvement in 
less than 1% of cases [19]. T2WI demonstrates mildly 
enlargement of the spinal cord with extensive hyperintensity. 
On contrast-enhanced T1 WI, there may be linear leptomen- 
ingeal enhancement along pial surface in early phases. 
Intramedullary involvement occurs due to centripetal spread 
through perivascular spaces. Central canal enhancement 
with a “trident sign” can be seem with subacute myelitis and 
manifest as dorsal cord involvement with central and lateral 


extensions [20] (Fig. 18.8). 


Key Point 

e Neurosarcoidosis can have a characteristic pattern of 
central and lateral enhancement, “trident sign” due 
to centripetal spread through perivascular spaces. 
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Infectious myelopathies may result from direct invasion 
by the pathogen or as a parainfectious immune-mediated 
process. Contrast-enhanced MRI will reveal patterns of spi- 
nal cord abnormality including central (segmental or longi- 
tudinally extensive), eccentric tract-specific (lateral columns, 
posterior columns), ventral horn, and irregular/mass-like, 
which may help to narrow the differential diagnosis. 
Overlapping imaging patterns may be seen, and, in some 
cases, the spinal cord may appear normal on MRI. 

Numerous viruses can cause infectious myelitis, some of 
which are particularly neurotropic such as herpesviruses, fla- 
viviruses, and enteroviruses. Several enteroviruses are impli- 
cated in myelitis (e.g., enterovirus 71, coxsackieviruses, 
echovirus, and poliovirus) and have a predilection for ventral 
horn cell involvement. On MRI, there will be abnormal sig- 
nal within the ventral nerve roots (unilateral or bilateral). 
With enterovirus 71, MRI typically shows segmental or lon- 
gitudinally extensive T2 hyperintensity centered in the ven- 
tral horns with variable enhancement (Fig. ). A central 
longitudinally extensive transverse myelitis pattern may also 
be seen less frequently and portends a worse prognosis [21]. 
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Fig. 18.5 (a) Sagittal T2WI 
shows a mildly hypointense, 
well-circumscribed intradural 
extramedullary lesion 
anteriorly displacing the 
mid-thoracic spinal cord. (c) 
Axial T2WI demonstrates 
marked compression of the 
spinal cord by this lesion. (b) 
Sagittal and (d) axial 
contrast-enhanced T1 WI 
display the avid enhancement 
of the meningioma 


Similarly, enterovirus D68 infections result in confluent lon- 
gitudinally extensive T2 hyperintensity of the cervical spinal 
cord gray matter, with involvement of dorsal pontine teg- 
mentum and ventral pons. Central intramedullary and nerve 
root enhancement has also been described [21]. 
Approximately 5—10% of neuroinvasive cases of West Nile 
virus (WNV) are associated with myelitis, presenting with 
acute flaccid paralysis. The MRI appearance in WNV is 
quite variable and may be unremarkable. WNV also has a 
predilection for ventral horn cell involvement, which may 
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present as abnormal signal within the ventral cord, some- 
times with associated ventral nerve root enhancement. 
Other neurotropic viruses can have distinct patterns of 
spinal cord involvement. MRI in patients with Human 
Immunodeficiency Virus (HIV) demonstrates symmetric 
nonenhancing T2 hyperintensity within the posterior col- 
umns, most commonly involving the thoracic spinal cord 
(Fig. ). The pathologic process is vacuolar myelopathy 
and parallels the AIDS dementia complex spectrum, i.e., 
seen in later stages of the disease. The posterior column 


L. M. Shah and J. S. Ross 


Fig. 18.6 (a) Sagittal CT myelogram and (b) sagittal T2WI demon- 
strates the dorsal indentation in the mid-thoracic spine (scalpel sign) 
due to an arachnoid web. (ce) Axial T2WI shows intramedullary edema. 


involvement explains the symptoms of a slowly progressive 
spastic paraparesis, impaired vibratory and position sense, 
and urinary urgency. In patients with varicella zoster virus 
myelitis, MRI reveals T2 hyperintensity in the dorsal horn 
and posterior column. The virus enters the spinal cord dorsal 
root and posterior column sand can extend vertically. Patients 
present with a skin rash then after a few days to weeks, the 
myelopathic symptoms begin. The skin rash is typically at 
the level of the spinal cord lesions. 

Arterial vascular pathologies of the spinal cord can cause 
neurologic deficits. Clinical presentation of spinal cord isch- 
emia is usually abrupt and depends mainly on the location 
and extent of the infarction. The maximal symptomatology is 
reached within 12 h for 50% of patients and within 72 h for 
most patients [22]. Spinal cord infarctions, predominantly in 
the anterior spinal artery distribution, are commonly due to 
atherosclerosis, hypertension, diabetes, fibrocartilaginous 
emboli, and other various vaso-occlusive etiologies. Acutely, 
DWI will show  hyperintensity with corresponding 
hyperintensity on the apparent diffusion coefficient (ADC) 
images in the affected region. There will be hyperintense sig- 
nal on T2WI and STIR and isointensity on TIWI. When the 
anterior spinal artery territory is affected, abnormal signal is 
seen in the ventral horns and the adjacent white matter 
(Fig. ). Associated edema results in slight cord enlarge- 
ment. Patchy enhancement may be seen in the subacute 
phase due to breakdown of the blood—cord barrier. 


(d) Axial CT myelogram demonstrates ventral herniation of the spinal 
cord through a dural defect. (e) Sagittal CT myelogram shows the 
“C-shaped” morphology suggestive of cord herniation 


Spinal vascular malformations can present with acute or 
progressive symptoms, depending on the type of vascular 
shunt. Multiple different naming conventions have been 
applied to the wide variety of spinal vascular malformations, 
but in general the most common types can be defined as (1) 
Spinal dural arteriovenous fistula (SDAVF); (2) Glomus arte- 
riovenous malformations (AVM); and (3) Perimedullary 
AVFs. SDAVFs are slow-flow lesions and account for 70% 
of all spinal vascular shunts. Classically, the presentation is 
that of an older male (55—60 years) with a history of nonspe- 
cific progressive myelopathic symptoms. Most (~80%) of 
SDAVFs are observed along the posterior lower thoracic 
cord surface between levels T6 and L2. The anomalous intra- 
dural communication between a dural artery and radicular 
vein within the intervertebral foramen results in engorged 
venous collaterals, producing the angiographic “single coiled 
vessel” appearance (Fig. ). On T2WI, there are promi- 
nent serpentine flow voids overlying the posterior spinal 
cord. Venous congestion results in intramedullary edema/ T2 
hyperintensity and mild cord expansion. Deoxyhemoglobin 
in dilated capillaries may produce a T2 hypointense rim [23]. 
There may be patchy intramedullary enhancement due to 
breakdown of the blood—cord barrier. Patients with a spinal 
glomus AVM may present with acute or subacute symptoms 
related to subarachnoid or cord hemorrhage. Similarly, 
patients with an intradural perimedullary AVF can present 
with acute neurologic deficits due to subarachnoid hemor- 


18 Evaluation of Myelopathy and Radiculopathy 
Fig. 18.7 (a) Sagittal STIR 
MRI and (d) contrast- 
enhanced T1WI of the 
cervical spinal cord show the 
ovoid lesion of MS, spanning 
<2 vertebral bodies in length. 
The lesion demonstrates 
well-defined enhancement. 
(b) Sagittal T2WI and (e) 
contrast-enhanced T1 WI of 
the cervical spinal cord ina 
patient with ADEM shows a 
long segment of 
intramedullary T2 
hyperintensity and patchy, 
ill-defined enhancement, 
respectively, and mild cord 
expansion. This patient had 
viral prodrome and rapidly 
processive extremity 
weakness. (c) Sagittal T2WI 
and (f) contrast-enhanced 
T1WI of the thoracic spinal 
cord demonstrates a 
heterogeneously T2 
hyperintense lesion involving 
the mid-thoracic cord with 
avid “mass-like” enhancement 
in this patient with NUOSD 


rhage or myelopathy related to venous congestion. The spi- 
nal glomus AVM nidus shows variable enhancement and 
may be partially or completely intramedullary with sur- 
rounding T2 hyperintensity. There may be radicular venous 
intra- and perimedullary flow voids and subarachnoid or 
parenchymal hemorrhage. With intradural perimedullary 
AVFs, MRI demonstrates prominent perimedullary flow 
voids typically along the ventral cord surface. Arterial and 
venous ectasia may cause cord compression. There is vari- 
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able intramedullary T2 
enhancement. 

Cavernous malformations are intramedullary lobulated 
dilated sinusoidal channels of dense capillary-like vessels 
without intervening neural tissue. While half of the patients 
with cavernous malformations present with progressive dete- 
rioration due to microhemorrhage, gliosis, microcirculatory 
changes, and partial thrombosis, the other half may have an 
acute or recurrent presentation due to larger hemorrhage 


hyperintensity and pial 
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Fig. 18.8 (a) Sagittal STIR MRI shows long segmental of cervical 
cord intramedullary hyperintensity with mild expansion. (b) Sagittal 
contrast-enhanced T1WI demonstrates intramedullary enhancement 


along the dorsal aspect of the cord. (c) Axial contrast-enhanced T1 WI 
illustrates dorsal cord enhancement with central and lateral extensions 
(trident sign), a finding highly suggestive of neurosarcoidosis 


Fig. 18.9 (a) Sagittal STIR MRI shows a long segment of hyperinten- 
sity in the ventral cord. (b) Axial T2WI demonstrates hyperintensity in 
the ventral horns in this patient with enterovirus 71 myelitis. (c) Axial 


within or beyond the capsule of the lesion. The average 
estimated annual hemorrhage risk of 2.1% [24]. On MRI, 
spinal cavernous malformations have the typical appearance 
of circumscribed, multilobulated lesions with heterogeneous 
T1 and T2 signal intensity and T2 hypointense rim. The het- 
erogenous signal intensities are due to the various ages of 
blood by-products as well as calcifications and fibrosis 
(Fig. ). 

A variety of metabolic lesions can present with myelo- 
pathic symptoms. Subacute combined degeneration (SCD) is 
the term given for vitamin B12 deficiency that can produce 
paresthesias initially followed by sensory disturbances, weak- 
ness, and spasticity and primarily involves the dorsal and lat- 
eral spinal columns. As this is a treatable condition and the 


contrast-enhanced T1WI illustrates enhancement in the ventral horns 
(white arrow) and linear enhancement along the left ventral nerve root 
(yellow arrow) 


symptoms are potentially reversible, awareness of the imag- 
ing features is critical. B12 is important for all methylation 
reactions, including those needed for myelin phospholipids; 
therefore, its deficiency results in unstable myelin. On MRI, 
there may be modest expansion of the cervical and thoracic 
spinal cord and increased signal intensity on T2-weighted 
images, primarily in the dorsal columns in an inverted “V” 
configuration (Fig. ). Rarely, there may be mild enhance- 
ment due to breakdown of the blood—cord barrier [25]. Other 
deficiency-related metabolic diseases that can cause T2 
hyperintensity in the dorsal and possible lateral columns 
include acquired copper, folate, vitamin E deficiency, nitrous 
oxide toxicity (such in substance abuse with inhalation of 
whipped cream chargers), and intrathecal methotrexate [26]. 
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Fig. 18.10 (a) Sagittal STIR 
MRI show intramedullary 
hyperintensity in the posterior 
cord. (b) Axial T2WI 
demonstrates abnormal signal 
in the posterior and lateral 
columns related to HIV 
vacuolar myelopathy 


Fig. 18.11 (a) Sagittal STIR 
MRI and (b) DWI show 
anterior cervical cord 
hyperintensity in this patient 
with acute onset of extremity 
weakness related to spinal 
cord infarction. (c) Axial GRE 
and (d) DWI demonstrate 
hyperintensity in the ventral 
horns, reflecting anterior 
spinal artery territory of the 
ischemic injury 
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Fig. 18.12 Sagittal T2WI of the (a) thoracic and (b) lumbar spine graphic image shows SDAVF arising from lateral sacral arteries (black 
demonstrates prominent, serpentine vessels overlying the spinal cord arrow). Venous drainage is to a dilated perimedullary vein coursing 
and the cauda equina nerves. (c) Frontal digital subtraction angio- superiorly (yellow arrow) 


Fig. 18.13 (a) Sagittal and 
(b) axial T2WI show a 
heterogenous intramedullary 
lesion with a T2 hypointense 
rim in the distal spinal cord 
related to a cavernous 
malformation. Recent 
intralesional hemorrhage 
results in mild cord expansion 
and edema 


Imaging features that suggest intramedullary neoplasm as 


Key Point the cause of a patient’s subacute/ chronic or progressive neu- 
e SCD has the classic appearance of an inverted “V” rologic symptoms include abnormal cord signal intensity 
on T2-weighted MRI. with focal cord expansion, focal/nodular cord enhancement, 


hemorrhage, and cord cyst formation. The common primary 
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Fig. 18.14 (a) Sagittal and 
(b) axial T2WI show 
hyperintensity in the posterior 
cervical cord, specifically 
involving the posterior 
columns, in this patient with 
leg and arm numbness due to 
SCD 


Fig. 18.15 (a) Sagittal T2WI and (b) contrast-enhanced T1 WI shows 
an intramedullary expansile mass with central, irregular enhancing 
nodularity and polar cysts. The inferior hemosiderin cap favors ependy- 
moma. (c) Sagittal T2WI and (d) contrast-enhanced T1WI demon- 
strates an intramedullary infiltrative mass with ill-defined patchy 


intramedullary neoplasms to consider are ependymoma, 
astrocytoma, and hemangioblastoma. In patients with history 
of malignancy, metastases should be in the differential 
diagnosis. 

Ependymoma is the most frequently encountered glial 
tumor in adults, while astrocytoma is the most common glial 
tumor in the pediatric population. Ependymomas are sharply 
defined, variable enhancing, encapsulated tumors, which are 
usually central in location. These tumors commonly demon- 
strate peritumoral cystic change and hemorrhage. The hemo- 
siderin “cap” sign is seen in 20-30% of cases and is a helpful 
clue to the diagnosis [27]. In contradistinction, astrocytomas 
have a poorly defined, infiltrative appearance often involving 
multiple vertebral body levels and sometimes the entire spi- 
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enhancement, features which suggest astrocytoma. (e) Sagittal T2WI 
and (f) contrast-enhanced TI WI shows a hemangioblastoma with the 
characteristic punctate enhancing nodule along the anterior cord associ- 
ated with a large cyst and extensive edema 


nal cord [27]. There is often patchy enhancement and peritu- 
moral edema. Hemangioblastomas are nonglial tumors with 
the typical appearance of an avidly enhancing nodule with or 
without an associated tumor cyst or syrinx formation. Large 
hemangioblastomas may show adjacent serpentine flow 
voids from prominent feeding vessels (Fig. ). 
Intramedullary spinal cord metastasis may show features on 
postgadolinium images to help distinguish them from pri- 
mary cord masses: the “rim” sign (more intense thin rim of 
peripheral enhancement around an enhancing lesion) and the 
“flame” sign (ill-defined flame-shaped region of enhance- 
ment at the superior/inferior lesion margins) (Fig. ). 
Either or both signs have high specificity (97% and 100%, 
respectively) [28]. 
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Fig. 18.16 (a) Sagittal 
contrast-enhanced T1 WI and 
(b) T2WI demonstrate an 
intramedullary spinal cord 
metastasis. The lesion shows 
more intense thin rim of 
peripheral enhancement and 
ill-defined flame-shaped 
region of enhancement at the 
inferior margin. Extensive 
intramedullary T2 
hyperintensity extends 
superiorly due to cord edema 


18.3 Radiculopathy 


When evaluating the imaging for a patient with radiculopa- 
thy, degenerative changes affecting spinal nerves are the 
leading consideration followed by infectious and inflamma- 
tory processes. Pathologies involving the brachial and lum- 
bosacral plexus can also present as radiculopathy. 

Degenerative lesions, such as disc herniations (protru- 
sion, extrusion) and endplate osteophytes can impinge on the 
exiting nerve roots in the neural foramina and on the transit- 
ing nerve roots in the subarticular zones. Patients will pres- 
ent with radicular symptoms in a distinct nerve distribution. 
Other degenerative processes that cause nerve impingement 
include synovial cysts (Fig. 18.17), facet or uncovertebral 
osteophytes, and segmental motion with instability. The lat- 
ter may not be appreciated on supine imaging and upright 
radiographs with axial loading provides complementary 
functional information. Findings of degenerative isthmic 
spondylothesis and facet hypertrophy with facet effusions 
suggests segmental motion [29]. 

Inflammatory lesions that involve the cauda equina nerves 
can present with neurological symptoms that can be difficult 
to differentiate clinically from myelopathy. One such entity 
that is a common cause of acute flaccid paralysis is acute 
inflammatory demyelinating polyneuropathy (AIDP)/ 
Guillain-Barré syndrome. AIDP is an immune-mediated 
polyradiculoneuropathy that presents with acute ascending 
limb weakness associated with reduced reflexes. There is 
often history of a preceding infective illness [30]. Extremity 
weakness progresses, which can last up to 4 weeks before 
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reaching plateau. The disease may progress in some patients, 
causing autonomic dysfunction, bulbar weakness, and respi- 
ratory insufficiency. Acutely, the cauda equina nerves may 
show thickening and enhancement on MRI, which has a sen- 
sitivity of 83% [31]. Classically, there may be anterior root 
involvement although both anterior and posterior roots may 
be involved. Chronic inflammatory demyelinating polyneu- 
ropathy (CIDP) is an indolent demyelinating pathology with 
symptoms beyond 8 weeks. Patients may present with poste- 
rior column sensory signs (e.g., ataxia, vibratory, or proprio- 
ceptive loss). On MRI, the brachial plexus, lumbosacral 
plexus, and cauda equina nerves may be diffusely enlarged 
and show mild enhancement (Fig. 18.18). Additionally, the 
muscles, supplied by the nerves, will demonstrate denervation 
changes: mild enhancement and T2 hyperintensity acutely/ 
subacutely and fatty atrophy chronically. 

Neoplastic processes from primary or secondary tumors 
can metastasize to the leptomeninges, resulting in leptomen- 
ingeal carcinomatosis. The subarachnoid spread of malig- 
nant cells may be “drop metastases” from primary CNS 
tumors or via hematogenous spread. The imaging appear- 
ance of leptomeningeal metastatic disease is variable, from 
thin and linear to thick and nodular enhancement (sugar 
coating). 

Spinal nerve sheath tumors as schwannoma and neurofi- 
broma can be intradural extramedullary in location or may 
involve the brachial and lumbosacral plexi. Schwannomas 
are often solitary and sporadic, presenting initially with 
radicular pain followed by motor weakness, voiding diffi- 
culty, and myelopathy. These globular, well-defined, encap- 
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Fig. 18.17 (a) Sagittal and 
(b) axial T2WI show a 
synovial cyst with the classic 
T2 hypointense rim, 
protruding anteromedially 
from the left L3/L4 facet 
joint. The impinges on the 
transiting L4 nerve as well as 
compresses the thecal sac 
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Fig. 18.18 (a) Sagittal and (b) axial T2WI shows thickened cauda equina nerves. The exiting nerves are mildly T2 hyperintense and markedly 
enlarged. (c) Sagittal contrast-enhanced T1 WI demonstrates mild enhancement of the thickened cauda equina nerves 


sulated tumors arise from Schwann cells of a sensory nerve 
root. Most spinal schwannomas are intradural extramedul- 
lary in location with adjacent osseous remodeling. 
Schwannomas and neurofibromas can appear very similar on 
MRI: T1 isointense, T2 hyperintense, enhancement. Some 
distinguishing features of schwannomas are hemorrhage, 
intrinsic vascular changes (thrombosis, sinusoidal dilata- 
tion), cyst formation, and fatty degeneration. Neurofibromas 
are often asymptomatic but may present with pain and/or 
radicular sensory changes. These lesions are hypodense on 
CT and cause smooth scalloping of the adjacent bone. On 


T2WI, neurofibromas may show a target sign: central low 
signal of collagenous stroma with hyperintense rim 
(Fig. ). 

Malignant peripheral nerve sheath tumors are rare and 
often associated with neurofibromatosis 1 (25-50% of cases) 
[32]. Clinical presentation includes new pain, weakness, and 
rapidly growing mass. On imaging, it can be difficult to dif- 
ferentiate malignant peripheral nerve sheath tumors from 
neurofibromas, particularly in patients with neurofibromato- 
sis 1. MRI features that suggest malignant peripheral nerve 
sheath tumor are increased largest dimension of the mass, 
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Fig. 18.19 (a) Axial contrast-enhanced T1WI of a dumbbell-shaped dural neurofibroma demonstrates hyperintensity with internal curvilin- 
schwannoma shows heterogeneous enhancement with central cystic ear hypointensity related to collagenous stroma 
change and peripheral thick enhancement. (b) Axial T2WI of an extra- 


Fig. 18.20 (a) Coronal 
contrast-enhanced T1WI and 
(b) STIR MRI show an 
intensely enhancing 
malignant nerve sheath tumor 
arising from the lower left 
brachial plexus infiltrating 
along the trunks, divisions, 
and cords 


presence of peripheral enhanced pattern, presence of perile- 


sional edema-like zone, presence of intratumoral cystic Key Point 

lesion, and heterogeneity on the T1-weighted images (par- e Intradural extramedullary nerve sheath tumors can 
ticularly in patients with neurofibromatosis 1) (Fig. 18.20). press upon spinal nerves and/or the spinal cord and 
One study found the presence of two or more of the four result in radicular and myelopathic symptoms, 
features suggests malignancy with a sensitivity of 61% anda respectively. 


specificity of 90% [32]. FDG-PET uptake can be an essential 
component of diagnosis of malignant transformation of 
peripheral nerve sheath tumors. 
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18.4 Concluding Remarks 


A spectrum of spine pathologies can result in myelopathy 
and/or radiculopathy. Integrating the clinical features, tem- 
poral course, and anatomic distribution with the imaging 
characteristics, particularly on MRI, is important in 
narrowing the differential diagnosis or establishing a defini- 
tive diagnosis. 


Take-Home Messages 

e Extrinsic lesions such as DCM, meningiomas, and 
epidural hematoma can cause neurologic symptoms 
due to compression of the spinal cord. 

e Imaging findings can be valuable in differentiating 
between lesions that cause ventral cord displace- 
ment: cord herniation, arachnoid web, and arach- 
noid cyst. 

e The MRI pattern combined with the temporal pre- 
sentation and clinical signs and symptoms can help 
narrow the differential considerations of intrinsic 
spinal cord lesions. 

e Breakdown of the blood—cord barrier resulting in 
spinal cord enhancement can be seen a variety of 
pathologies including infections, inflammation, 
demyelination, and neoplastic. 

e Clues to the diagnosis of spinal cord pathology may 
lie in the surrounding soft tissues or bones. 
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Abstract 


The imaging methods for evaluating patients with acute 
spinal trauma has dramatically changed in the last decade 
especially with the development of thin section multi- 
detector computed tomography (MDCT) and isotropic 
datasets that provide high-resolution sagittal and coronal 
reformats. MDCT allows for a comprehensive assessment 
of spinal column injury that has largely supplanted radi- 
ography except in the pediatric population. MRI has 
become the procedure of choice for evaluation of the spi- 
nal cord and surrounding soft tissues when there is a sus- 
pected SCI. 
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Learning Objectives 

e To understand the prevalence and clinical conse- 
quences of spinal trauma. 

e To appreciate the utility of radiography, computed 
tomography (CT), and magnetic resonance imaging 
(MRI) in the evaluation of spinal trauma and spinal 
cord injury (SCI). 

e To comprehend the grading systems used in spinal 
trauma. 
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e To appreciate the soft tissue components of spinal 
trauma and how they differ in the pediatric 
population. 

e To understand the imaging features of SCI and trau- 
matic vascular injury. 


19.1 Imaging Modalities for Spinal Trauma 


The majority of the spinal injuries (60%) affect young 
healthy males between 15 and 35 years of age with cervical 
spine injuries to be most common. The main cause for spinal 
injuries is blunt trauma most often due to motor vehicle acci- 
dents (48%) followed by falls (21%), and sports-related inju- 
ries (14.6%). Assault and penetrating trauma account for 
approximately 10-20% of the cases. Injuries to the spinal 
column and the spinal cord are a major cause of disability 
with important socioeconomic consequences and the costs 
incurred over a lifetime can easily exceed one million US 
dollars per patient excluding financial losses related to lost 
wages and productivity. Over the past several decades, the 
mean age of the spinal cord injured patient has increased 
which is attributed to a greater proportion of injuries related 
to falls in the elderly. Cervical spine injuries remain most 
frequent, and nearly one third of cervical injuries occur in the 
cranio-cervical junction (CCJ) [1]. Almost half of the spinal 
injuries result in neurological deficits, often severe and 
sometimes fatal [2]. Survival is inversely related to the 
patient’s age, and neurologic level of injury, with lower over- 
all survival for high quadriplegic patients compared to low 
quadriplegia and paraplegic injuries. Mortality rate of SCI 
during the initial hospitalization approximates 10% [3]. 
Injury to the spinal cord occurs in 10-14% of spinal fractures 
and dislocations with injuries of the cervical spine being by 
far the most common cause of neurological deficits (40% of 
cervical injuries) [4, 5]. The majority of injuries to the spinal 
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cord (85%) occur at the time of trauma, whereas in a minor- 
ity of cases (5—10%) the SCI occurs in the immediate post- 
injury period due to delayed instability [6]. 

In the emergency setting, the appropriate selection of imag- 
ing for spinal trauma depends upon several factors such as 
modality availability, the patient’s clinical and neurological 
status, type of trauma (blunt, single or multi-trauma), and 
associated comorbidities. Clinical factors should help deter- 
mine the necessity and type of imaging. Factors to consider 
include the quality and severity of pain, limitations in motion 
or the presence of permanent or transient neurological defi- 
cits. MRI is reserved for those patients with post-traumatic 
myelopathy (spinal cord dysfunction) or in the instance 
whereupon a patient’s symptoms cannot be explained by 
findings on radiographs or CT, or in some instances when a 
reliable neurologic exam cannot be obtained. 


19.1.1 Plain Film Radiography 


With the exception of pediatric trauma, in most settings, 
radiography has been supplanted by MDCT. In the rare cir- 
cumstance where MDCT is not available, the initial imaging 
modality is radiography. A minimum of a lateral and antero- 
posterior view must be obtained for the spinal axis with the 
addition of an open-mouth odontoid view for the cervical 
spine. Often additional views such as oblique views and/or 
the swimmer’s view are performed in an attempt to clear the 
cervicothoracic junction. 


19.1.2 Computed Tomography (CT) 


MDCT of the spinal axis has been shown to be more efficient 
and safer by virtually eliminating the need for repeat radio- 
graphs and unnecessary patient transfers in the setting of an 
unstable spine. Moreover, the diagnostic quality of radiogra- 
phy varies considerably, is more time consuming to acquire, 
and may be difficult to perform in a medically unstable 
patient. Submillimeter axial partitions from multi-detector 
computed tomography (MDCT) is the preferred method for 
evaluating the spine for bony injury. Multi-planar reformat- 
ted (MPR) sagittal and coronal datasets are derived from the 
isotropic axial dataset. The entire spinal axis can be reliably 
and expeditiously evaluated in this manner [7—13]. Moreover 
in the instance of polytrauma, spine images can be recon- 
structed directly from chest, abdomen, and pelvis datasets 
with sensitivity that is equivalent to a dedicated spine CT 
study without having to rescan the patient thereby minimiz- 
ing radiation dose to the patient and table time. A high- 
resolution CT imaging protocol begins with submillimeter 
overlapping partitions to create an isotropic dataset that 
yields identical spatial resolution in any reconstructed plane. 
Axial data can be reformatted into thicker sections for diag- 
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nostic display. Multi-planar reformatted (MPR) sagittal and 
coronal images of the entire spine are typically produced 
automatically from the scanning console or from a nearby 
workstation. Reconstructions are performed with both bone 
and soft tissue algorithms. 

Most trauma centers employ dedicated acute (multi-) 
trauma protocol(s) which include MDCT of the brain, cervi- 
cal spine, thorax, abdomen, and pelvis, with reformatted 
images of the thoracic and lumbar spine. Some protocols 
include a concurrent CT angiogram of the supra-aortic ves- 
sels. This both expedites the data acquisition for medically 
unstable patients and serves to minimize radiation dose since 
the body imaging data can be reconstructed off-line into tar- 
geted spine reconstructions. CT has a higher sensitivity to 
fractures (especially involving the posterior elements) than 
radiography. While MDCT excels at delineating bony injury, 
it also can detect many soft tissue abnormalities such as disc 
herniation, paravertebral soft tissue and epidural hematoma. 
A diagnostic quality MDCT excludes any significant soft tis- 
sue injury in the vast majority of cases and no further imag- 
ing is required if the CT is normal unless there is an 
unexplained neurologic deficit. 


19.1.3 Magnetic Resonance Imaging (MRI) 


The greatest impact that MRI has made in the evaluation of 
spinal trauma has been in assessment of the soft tissue com- 
ponent of injury. MRI is today considered the method of 
choice for assessing the spectrum of soft tissue injuries 
associated with spinal trauma. This includes damage to the 
intervertebral discs, ligaments, vascular structures, and spi- 
nal cord [14—16]. No other imaging modality has been able 
to faithfully reproduce the internal architecture of the spi- 
nal cord, and it is this particular feature that is unique to 
MRI. Any patient who has a persistent neurologic deficit 
after spinal trauma should undergo an MRI in the acute 
period to exclude direct damage/compression to the spinal 
cord. MRI provides unequivocal evidence of not only SCI 
but will also reliably demonstrate disc injuries/herniations, 
paraspinal soft tissue edema (ligament strain/failure), epi- 
dural hematomas, and vascular injury. In addition, MRI 
provides the most reliable assessment of chronic SCI and 
the imaging analogs of post-traumatic progressive myelop- 
athy (PTPM) which is often manifested with imaging as 
syrinx formation, myelomalacia, and cord atrophy. The 
extent with which MRI is able to determine spinal instabil- 
ity is overstated as MRI is unable to provide a reliable 
assessment of ligamentous integrity in most cases. In fact, 
MRI falsely overestimates the soft tissue component of 
injury [17]. MRI can sometimes prove useful in categoriz- 
ing acute from chronic vertebral compressive injuries 
where the former will demonstrate marrow edema on T2W 
images. 
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At minimum, an acute spinal trauma MR imaging proto- 
col of the cervical spine should include 3 mm thick sagittal 
Tl-weighted (T1W), T2-weighted (T2W), and short tau 
inversion recovery (STIR) sequences or DIXON technique 
and axial T2*-weighted gradient echo (GRE) images that are 
no more than 3 mm thick and less than 3 mm when employ- 
ing a 3D acquisition. Heavily T2W sagittal 3D acquisitions 
such as single-shot fast spin echo (FSE) with yield isotropic 
datasets that can be reformatted into axial images. These are 
useful for identifying nerve root avulsion and root divertic- 
ula; however, the contrast resolution for this method is insuf- 
ficient to detect SCI or paraspinal ligamentous/muscle injury. 
In the thoracic and lumbar spine, 4 mm thick sagittal TIW, 
T2W, and STIR sequences and axial 4 mm thick TIW, 
T2W. Fat-saturated T2W images are valuable to evaluate for 
ligamentous and soft tissue injuries, and T2* GRE can be 
used in the thoracic spine to evaluate for small spinal cord 
hemorrhages associated with SCI. 


Key Point 

e Radiography has largely been supplanted by MDCT 
except in the pediatric population for evaluation of 
bony injury. 

e A negative MDCT virtually excludes any signifi- 
cant soft tissue injury and obviates the need for 
MRI unless there is objective evidence of neuro- 
logic injury. 

e MRIis the exam of choice to exclude SCI/compres- 
sive entities leading to neurologic dysfunction, and 
MRI is the most sensitive imaging modality to 
assess for any soft tissue component of injury. 


19.2 Different Grading Systems to Evaluate 
Spinal Injuries 


There are different classic grading scales for determining 
spinal instability of thoracolumbar injuries based upon the 
McAfee (two-column) and Denis three column concept [18, 
19]. The Magerl classification relies exclusively on CT find- 
ings [20]. In recent years, a new grading scale that is based 
on CT and magnetic resonance (MR) imaging findings, like 
the thoracolumbar injury classification and severity score 
(TLICS) has been developed by the Spine Trauma Group 
[21] to overcome some of the perceived difficulties regarding 
the use of other thoracolumbar spinal fracture classification 
systems for determining treatment. Also for the grading of 
the cervical spine a new grading scale and score system—the 
cervical spine Subaxial Injury Classification and Scoring 
(SLIC) system [21] has been developed and is gaining accep- 
tance among spine surgeons. The AO spine classification 
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system provides a comprehensive classification schema for 
upper cervical, subaxial cervical, thoracolumbar and sacral 
injuries [22]. 


19.2.1 Injuries to the Vertebral Column 


Classically, injuries to the spinal column are categorized by 
mechanism of injury and/or by instability. Instability is 
defined by White and Punjabi as abnormal translation 
between adjacent vertebral segments with normal physio- 
logic motion. Unrecognized instability after trauma is a 
potential cause of delayed SCI . This is why early stabiliza- 
tion of the initial injury is an imperative to appropriate clini- 
cal management. The simplest method to test for instability 
in a controlled environment is by performing flexion and 
extension lateral radiography to produce a visible sublux- 
ation at a suspected level, but this is rarely performed in 
practice and has been replaced largely by the excellent sensi- 
tivity of even subtle injuries on using multi-detector CT 
(MDCT) and magnetic resonance imaging (MRI). 
Classically, from a biomechanical point of view, the tho- 
racolumbar spine can be divided into three osteo-ligamentous 
columns: anterior-, middle-, and posterior column [18]. 
Although this biomechanical model is often inferred for cer- 
vical injuries, there is no similar established model in the 
cervical spine. The anterior column includes the anterior lon- 
gitudinal ligament and anterior two-thirds of the vertebral 
body and disc including the annulus fibrosus. The middle 
column is composed of the posterior third of the vertebral 
body and disc including annulus fibrosus, and posterior lon- 
gitudinal ligament. Finally, the posterior column is com- 
posed of the pedicles, articular processes, facet capsules, 
laminae, ligamentum flavum, spinous processes, and the 
interspinous ligaments. The mechanism of injury will result 
in several different types of traumatic injuries to the cervical, 
thoracic, and lumbar vertebral column and spinal cord, 
which may result in stable or unstable spine injuries. 
Because of the distinct anatomic differences and the resul- 
tant injury patterns, injuries to the cervical spine are divided 
into injuries to the upper cervical spine (CO—C2) and subaxial 
cervical injuries (C3—C7). There are separate classification 
schemes for fractures to the occipital condyles/skull base 
(Anderson and Montesano) and for the axis (C2). Injuries 
may also be categorized by stability or mechanism. The 
mechanism of injury to the cervical column can be divided 
into four major groups: hyperflexion, hyperextension, rota- 
tion, and vertical compression with frequent variations that 
include components of the major groups (e.g., flexion and 
rotation). Hyperflexion injuries can produce an array of find- 
ings including anterior subluxation, bilateral interfacetal dis- 
location, simple wedge fracture, fracture of the spinous 
process, teardrop fracture, and odontoid (dens) fracture. Of 
these the simple wedge fractures and isolated spinous process 
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fractures are considered initially stable, while the other frac- 
tures are considered unstable such as the bilateral interfacetal 
dislocation and the teardrop fracture. Occipital condyle, atlas 
(C1), and odontoid fracture may be considered stable or 
unstable depending on the type of fracture type. 
Hyperextension mechanism is less frequent than the hyper- 
flexion and result in the following types of injuries: disloca- 
tion, avulsion fracture or fracture of the posterior arch of C1, 
teardrop fracture of C2, laminar fracture, and traumatic spon- 
dylolisthesis of C2 (Hangman’s fracture). Most of these inju- 
ries with the exception of Hangman’s fracture are defined as 
stable fractures; however, this does not imply that these inju- 
ries should go untreated. Hyperextension injuries in the lower 
cervical spine are often associated with central cord syn- 
drome, especially in patients with pre-existing cervical spon- 
dylosis and usually produce diffuse pre-vertebral soft tissue 
swelling. Vertical compression of the atlas (C1) may result in 
a Jefferson fracture in which there is failure of the anterior 
and posterior arch and is always unstable. An uncommon site 
for injuries is the cranio-cervical junction (CCJ) involving the 
atlantoaxial joint, which is the most mobile portion of the cer- 
vical spine; the majority of head rotation takes place at C1- 
C2 and the majority of head flexion is supported by the 
occipital condyles. This junction relies on a complex liga- 
mentous framework for stability. CCJ injuries range from the 
severe atlanto-axial disassociation to more subtle traumatic 
rotatory subluxation which is a pure soft tissue injury more 
commonly reported in children with torticollis. 

Fractures in the lower thoracic and lumbar spine differ 
from those in the cervical spine. The thoracic and lumbar 
fractures are often complex and due to a combination of 
mechanisms. An important factor that affects the distribution 
of injuries is the location of the center of gravity which is 
located anterior to the thoracic spine (from the normal 
kyphosis) and directly over the lumbar spine (secondary to 
the normal lordosis). In addition, the thoracic cage confers 
substantial biomechanical protection to the thoracic spine. 
Therefore, statistically, most injuries occur at the most 
mobile portion or the thoracolumbar junction where the tho- 
racic cage ends. When injuries occur in the upper or middle 
thoracic spine, it is usually a result of major trauma, for 
example, high velocity trauma such as motor vehicle acci- 
dents. The most common fracture, at the thoracolumbar 
junction, is the simple compression- or wedge fracture (50% 
of all fractures) which is considered stable. The remaining 
types of fractures among those the so-called seat belt injury, 
which can be divided into three subtypes: type I (Chance 
fracture) involves the posterior bony elements, type I (Smith 
fracture) involves the posterior ligaments, and, in type III the 
annulus fibrosus is ruptured allowing for subluxation are 
considered unstable fractures [23]. With the advent of the 
three-point restraint system in motor vehicles, these severe 
hyperflexion-distraction injuries have become uncommon. 
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The most common of all thoracolumbar fracture—the burst 
fracture account for 64%-81% of all thoracolumbar frac- 
tures. The burst fracture, which can be divided into five sub- 
types, is associated with high incidence of injuries to the 
spinal cord, conus medullaris, cauda equina, and nerve roots 
[24]. Burst fracture involving anterior and middle column 
can be incorrectly categorized as a compression fracture on 
radiographs alone and is better evaluated by MDCT. 


Key Point 

e Nomenclature of spinal fractures differs by location 
(e.g., skull base/cranio-cervical junction, upper cer- 
vical/lower cervical, thoracolumbar, sacrum). 

e Classification systems for spinal fractures are gen- 
erally based upon injury mechanism, stability, ana- 
tomic and biomechanical differences in unique 
areas of the spine. 

e The burst subtype is the most common thoracolum- 
bar fracture. 


19.3 Soft Tissue Injuries 


19.3.1 Traumatic Disc Herniation 
and Ligamentous Injury 


Traumatic disc injuries are caused by distraction and shear- 
ing with failure of the intervertebral disc. A direct injury to 
the disc is more common than post-traumatic disc extrusion. 
Traumatic disc herniation should be considered when the 
disc exhibits high signal on T2W images especially when 
traumatic vertebral body fractures and/or ligamentous injury 
is present at the same level [13]. Extruded disc material may 
extend into the epidural or pre-vertebral space. 

Up to 25% of all cervical injuries will demonstrate signal 
changes in the posterior ligamentous complex. This finding 
does not equate with instability. When there is a gap between 
parts of the vertebrae or by discontinuity in the ligament or 
adjacent structures on fat suppressed T2W or STIR images, 
a ligamentous injury is suspected. Ligamentous injury with- 
out underlying fracture in the cervical spine is rare by can 
occur with severe hyperflexion sprain [25]. Disruption of the 
anterior longitudinal ligament (ALL) is generally associated 
with hyperextension mechanisms with co-existent edema of 
the pre-vertebral muscles and anterior aspect of the interver- 
tebral discs. Rupture of the ALL may be visualized as focal 
interruption of the normal linear band of hypointense signal 
of the ligament on TIW images. Alternatively, hyperflexion 
and distraction forces may cause disruption of the posterior 
ligamentous complex which is manifested by increased dis- 
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tance between spinous processes and increased signal in the 
interspinous region on MR sagittal STIR sequences. 
Abnormal angulation, distraction, and subluxation is often 
recognized on initial CT study. 


19.3.2 Whiplash-Associated Disorders 


Whiplash injuries represent a separate, relatively common 
entity (14/1000), resulting from an acceleration-deceleration 
mechanism of injury to the neck, typically from rear-end 
vehicle collisions. Whiplash injury is among the leading 
automotive related injuries with respect to burden on patients, 
the healthcare system and insurance organizations [26]. The 
pathogenesis of whiplash complaints is still poorly under- 
stood. Injury to longitudinal ligaments, facet joints, interver- 
tebral discs, spinal cord, and muscles have been described as 
possible sources of (chronic) pain. More recently, with the 
development of more detailed MRI techniques, morphologic 
changes of the ligaments and membranes of the cranioverte- 
bral junction, especially the alar and transverse ligaments 
have been described [27]. 

Whiplash-associated disorders (WAD) is a clinical diag- 
nosis and describes a variety of clinical manifestations, such 
as neck pain immediately or 24 h after trauma, neck stiffness, 
headache, dizziness, vertigo, auditory and visual distur- 
bances, concentration, and psychological problems. Imaging 
findings include osseous injuries such as bone contusions 
and occult fractures, ligamentous injuries (most common 
finding), and tears. Disc lesions and post-traumatic hernia- 
tion also can occur [28]. MRI signal changes of the alar and 
transverse ligaments may be observed. Whether these signal 
abnormalities are responsible for complaints of patients hav- 
ing WAD remains controversial, as these signal abnormali- 
ties have also been observed in asymptomatic individuals 
and were not significantly associated with clinical testing 
and prognosis of acute whiplash injury. A recent meta- 
analysis could not show any association between MRI signal 
changes in alar and transverse ligaments and WAD [27]. 


Key Point 

e Mechanism of injury can often be inferred on MRI 
as the majority of soft tissue damage will occur ven- 
tral the spine (hyperextension) or in the posterior 
ligamentous complex (hyperflexion). 

e Edema in the soft tissues does not equate with liga- 
mentous instability or rupture. Focal discontinuity 
of a ligament is more pathognomonic. 
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19.4 Injuries to the Spinal Cord 

A majority (80%) of patients with (SCI) harbor multisystem 
injuries [29]; typically associated injuries include other bone 
fractures (29.3%) and brain injury (11.5%) [30]. Nearly all 
SCI damage both upper and lower motor neurons because 
they involve both the gray matter and descending white mat- 
ter tracts at the level of injury. The American Spinal Injury 
Association (ASIA) has suggested a comprehensive set of 
standardized clinical measurements which are based upon a 
detailed sensory and motor examination of all dermatomes 
and myotomes [31]. The neurologic deficit that results from 
injury to the spinal cord depends primarily upon the extent of 
damage at the injury site and the cranial-caudal location of 
the damage (i.e., the neurologic level of injury or NLI); ana- 
tomically higher injuries produce a greater neurologic deficit 
(e.g., cervical injury = quadriparesis, thoracic injury = para- 
paresis). These comprehensive set of standardized clinical 
measurements have been adopted worldwide. Functional 
transection of the spinal cord is a more frequent manifesta- 
tion of SCI compared to true mechanical transection which is 
relatively rare and confined mostly to penetrating type inju- 
ries or extensive fracture-dislocations/translocations. SCI is 
further categorized clinically into anterior cord syndrome, 
Brown-Sequard syndrome, central cord syndrome, conus 
medullaris syndrome, and cauda equina syndrome depend- 
ing upon the site of injury and the neurologic pattern of 
injury. Spontaneous neurologic recovery after overall is rela- 
tively poor and largely depends upon the severity of neuro- 
logic deficit identified at the time of injury. Of the different 
spinal cord syndromes, the anterior cord syndrome has the 
worst prognosis of all cord syndromes, especially if no 
recovery is noticed during the first 72 h after injury. 


19.4.1 Spinal Cord Hemorrhage 


Post-traumatic spinal cord hemorrhage or hemorrhagic con- 
tusion is defined as the presence of a discrete area of hemor- 
rhage within the spinal cord after an injury. The most 
common location for hemorrhage to accumulate is within the 
central gray matter of the spinal cord and centered at the 
point of mechanical impact [32-34]. Experimental and 
autopsy pathologic studies have shown correlation with 
hemorrhagic necrosis of the spinal cord while true hemato- 
myelia will rarely be found [35]. There are significant clini- 
cal implications if there is identification of frank hemorrhage 
in the cervical spinal cord following trauma on an MRI 
examination. Originally, it was thought that detection of 
intramedullary hemorrhage was predictive of a complete 
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Fig. 19.1 Acute hemorrhagic 
spinal cord injury. (a) Sagittal 
STIR sequence shows that 
there is a flexion type injury 
of C5 with acute ventral 
angulation. The spinal cord is 
markedly swollen with edema 
spanning the entire length of 
the spinal cord. There is a 
central hemorrhagic focus 
which is of low signal 
intensity that spans from C4 
to C6. Note the disruption of 
the posterior spinal soft 
tissues. (b) Axial GRE image 
at the C4 level shows that the 
hypointense hemorrhage is 
confined to the central gray 
matter 


injury. However, the increased sensitivity and spatial resolu- 
tion of current MRI techniques has shown that even small 
amounts of hemorrhage are identifiable in incomplete 
lesions. Therefore, the basic construct has been altered such 
that the detection of a sizable focus of blood (>4 mm in 
length on sagittal images) in the cervical spinal cord is often 
indicative of a complete neurological injury [36]. The ana- 
tomic location of the hemorrhage closely corresponds to the 
neurological level of injury and the presence of frank hemor- 
rhage implies a poor potential for neurological recovery 
(Fig. 19.1). The cross-sectional involvement of injury on 
axial T2WI as described in the BASIC score has been shown 
to correlate both with severity of initial injury and neurologic 
recovery [32-34, 37-41]. 


19.4.2 Spinal Cord Edema 


Spinal cord edema is defined as a focus of abnormal high sig- 
nal intensity seen on MRI T2W images [34]. Presumably, this 
signal abnormality reflects a focal accumulation of intracellu- 
lar and interstitial fluid in response to injury [33, 34, 42-44]. 
Edema is usually well defined on the mid-sagittal T2W image 
while the axial T2W images offer additional information in 
regard to involvement of structures in cross-section. Spinal 
cord edema involves a variable length of spinal cord above and 
below the level of injury, with discrete boundaries adjacent to 
uninvolved parenchyma and is invariably associated with 
some degree of spinal cord swelling. The length of spinal cord 
affected by edema is directly proportional to the degree of ini- 
tial neurologic deficit [32, 41]. Notable is that spinal cord 
edema can occur without MRI evidence of intramedullary 
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hemorrhage. Cord edema alone connotes a more favorable 
prognosis than cord hemorrhage [37]. 


Key Point 

e Length and location of spinal cord hemorrhage and 
edema provide a surrogate for neurologic deficit 
(ASIA impairment scale (AIS) and NLI). 

e The combination of intramedullary hemorrhage 
and/or edema correlates with neurologic function 
and capacity to recover after SCI. 


19.5 Blunt Cerebrovascular Injury 


Blunt cerebrovascular injury (BCVIJ) to the carotid arteries 
(CAs) and/or vertebral arteries (VAs) is a relatively rare but 
potentially devastating finding in patients with a high-impact 
trauma to the cervical spine and/or head. Most complications 
of BCVI occur hours to days after the initial trauma so early 
identification and prompt anticoagulation is important to 
reduce the incidence of postinjury ischemic stroke (Fig. 19.2). 

Cervical spine fractures have the strongest association 
with BCVI, and specific cervical spine fractures are highly 
predictive of BCVI. These include fractures located at the 
upper cervical spine (C1-C3), subluxation, or involvement of 
the transverse foramina [45]. Nearly all VAIs are associated 
with cervical spine subluxations and fractures involving the 
transverse foramen [47]. Other mechanisms of BCVI include 
hyperflexion, a direct blow and strangulation. In the context 
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Fig. 19.2 Traumatic 
thrombosis/dissection of the 
bilateral vertebral arteries. (a) 
Sagittal T2WI in a 32y/o male 
after a skate-boarding 
accident. Traumatic 
subluxation of C2—C3 with 
circumferential disruption of 
the disco-ligamentous 
complex and spinal cord 
compression/edema. (b) Axial 
T2WI at the C2-C3 level 
show high signal in both 
foramen transversarium from 
clot/slow flow in both 
vertebral arteries 


of a carotid artery injury, it is thought that cervical hyperex- 
tension and contralateral rotation lead to stretching of the 
internal carotid artery (ICA) over the C1-C3 transverse pro- 
cesses, precipitating a vessel wall injury [46]. 

According to the Denver criteria and Western Trauma 
Association (WTA) guidelines, radiologic risk factors asso- 
ciated with BCVI include high-energy injury mechanisms 
with Le Fort II or III fracture patterns; basilar skull fracture 
with carotid canal involvement; cervical vertebral body or 
transverse foramen fracture, subluxation, or ligamentous 
injury; any fracture at C1 through C3; closed head injuries 
with diffuse axonal injury and a Glasgow Coma Score of less 
than 6; clothesline-type injuries with associated swelling 
and/or pain; or near-hanging with anoxia. Urgent screening 
for BCVI should be performed in these patients that may be 
still neurologically asymptomatic at this time [46]. 

With the widespread use of MDCT scanners, CT angiog- 
raphy (CTA) has emerged as the first-line screening modality 
for BCVI. CTA is a cost-effective screening tool in high-risk 
populations, ultimately preventing the most strokes at a rea- 
sonable cost [46]. 

Several grading systems for BCVI exist, based on imag- 
ing findings. The Denver grading scale (aka the Biffl scale) is 
a widely accepted and commonly used system. In grade I 
injury, subtle vessel wall irregularities, a dissection/intramu- 
ral hematoma with less than 25% luminal stenosis is 
observed. In grade II injury, an intraluminal thrombus or 
raised intimal flap is visualized, or a dissection/intramural 
hematoma with greater than 25% luminal narrowing. Grade 
Ill injury corresponds to traumatic pseudoaneurysms, 
observed as a variable-sized outpouching of the vessel wall. 
Grade IV injury represents a complete vessel occlusion, usu- 
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ally tapering in the CA and quite abrupt in the VA. Vessel 
transection represents a grade V injury, observed as free con- 
trast extravasation into the surrounding tissues, or into the 
adjacent vein in the form of an arteriovenous fistula (AVF) 
[46, 47]. 


Key Point 

e Occult vertebral artery injury (dissection or occlu- 
sion) can occur in association with spinal trauma 
even without the presence of SCI, neurologic defi- 
cit, or fracture. 


19.6 Injuries to the Pediatric Spine 


and Spinal Cord 


Spinal injuries are generally less common in the pediatric 
population compared to adults with cervical spine injuries 
being most frequent spine injury of all spine injuries occur- 
ring in up to 40-60% of all injuries in children. The etiology 
varies depending on the age of the child. The most common 
cause of pediatric cervical spine injury is a motor vehicle 
accident, but also obstetric complication, fall, and child 
abuse are known causes. In the adolescent, sports and diving 
accidents are other well-known causes. The specific biome- 
chanics of the pediatric cervical spine leads to a different 
distribution of injuries and distinct radiological features and 
represent a distinct clinical entity compared to those seen in 
adults. Young children have a propensity for injuries to the 
CCJ (i.e., CO-C2) whereas older children are prone to lower 
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cervical injuries similar to those seen in adults. The spinal 
cervical injuries in children less than 8 years of age demon- 
strate a high incidence of subluxation without fractures. The 
biomechanical differences are explained by the relative ratio 
of the size of the cranium to the body in the young child, lack 
of ligamentous stability, poor muscle strength and increased 
forces relative to the older child and adult. Children can man- 
ifest an SCI with otherwise normal radiographs the so-called 
SCIWORA (without radiographic abnormality) compared to 
adults. This is especially evident in children younger than 
9 years of age where there is a high incidence of reported 
complete cord injuries associated with SCIWORA. Suggested 
mechanisms of the SCIWORA include hyperextension or 
flexion injuries to the immature and the inherently elastic 
spine, which is vulnerable to external forces and allows for 
significant intersegmental movement and transient soft disc 
protrusion, resulting in distraction injuries, and/or ischemic 
injury of the spinal cord [48]. The elasticity of the spine 
allows it to stretch up to 5 cm before rupture, whereas the 
spinal cord, which is anchored to the brachial plexus superi- 
orly and the cauda equina inferiorly, ruptures after 4-6 mm 
of traction [49]. As MRI is readily capable of detecting the 
soft tissue injury component, the concept of SCIWORA is 
less relevant. 

The imaging algorithm for pediatric spinal trauma is 
somewhat different than that for adults. MDCT is used more 
judiciously due to radiation exposure considerations and 
places lower dose radiography is preferred. MRI is always 
used if there is a consideration of a pure soft tissue injury or 
neurologic deficit. 


Key Point 

e Patterns of spinal injury in the pediatric population 
is different than adults primarily due to biomechan- 
ical differences. 


19.7 Neurologic Recovery After Spinal 
Cord Injury 


Although there are no pharmacologic “cures” for SCI, spon- 
taneous neurologic recovery after injury can occur, and it 
largely depends upon the severity of the initial neurologic 
deficit, the neurologic level of injury, patient age, and comor- 
bidities. Very few patients with a neurologically complete 
(i.e., no motor or sensory function below the injury level) 
actually regain any useful function below the injury level 
although most patients will spontaneously improve by one 
neurologic level (e.g., a C5 level spontaneously descends to 
a C6 level). Even these small improvements can have a sub- 
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Fig. 19.3 Disruption of the lateral cortical spinal tracts on tractogra- 
phy. Diffusion tractography performed on a lesioned rat spinal cord at 
9.4 T shows disruption of the fiber tracts in the lateral column following 
a lesion in the lateral funiculus. (Image courtesy of Eric D. Schwartz 
MD) 


stantial impact on a patient’s to function 
independently. 

The role of MRI to predict capacity for spontaneous neu- 
rologic recovery after cervical SCI has been evaluated. 
Although there is considerable overlap in results some gen- 
eral characterizations about the MRI appearance of SCI and 
neurologic recovery are evident. Intramedullary hemorrhage 
4 mm or greater is equated with a severe neurologic deficit 
and a poor prognosis. Cord edema alone is indicative of a 
mild to moderate initial neurological deficit and a better 
capacity for spontaneous neurological improvement. The 
length of the cord lesion may also correlate with the initial 
deficit and in the neurological outcome. Newer MRI tech- 
niques such as diffusion tensor imaging (DTI) (Fig. 19.3) 
have shown great promise not only in stratification of neuro- 
logic injury but has also been shown to have benefits in pre- 
dicting recovery [50-52]. As novel pharmacologic therapies 
for SCI are developed and tested, MRI will likely play a 
more essential role in characterizing the injury and helping 
to select patients for clinical trials. 


capacity 


Key Point 

e MRI findings of SCI have shown promise as a sur- 
rogate for the neurologic examination; better prog- 
nostic information is attained when MR imaging 
patterns are used in combination with the clinical 
examination. 

e Newer physiologic techniques like DTI hold prom- 
ise to better stratify patients for selection of novel 
therapies. 


19 Spinal Trauma and Spinal Cord Injury (SCI) 
19.8 Concluding Remarks 


The demographic of adult spinal trauma SCI and has changed 
over the last several decades noting a considerable increased 
prevalence in the elderly. Safety measures in sports and 
motor vehicles have drastically reduced the incidence of SCI 
in the young adult and middle age population. Imaging algo- 
rithms for spinal trauma have also changed in the past few 
decades with greater reliance on MDCT over radiography in 
adults and greater emphasis towards minimizing radiation 
dose in the injured pediatric population. While there have 
been tremendous improvements in orthopedic stabilization 
methods through novel instrumentation/fusion techniques, 
there are still no known cures for paralysis. While SCI was 
previously considered to be a fatal disease with patient suc- 
cumbing to injury at the scene or from long term complica- 
tions, most SCI patients now survive and many return to 
meaningful lives while living with their disability. This is 
principally attributed to revolutionary improvements in reha- 
bilitation and chronic care for the SCI patient. 


Take-Home Messages 

e Spinal trauma and SCI are prevalent worldwide. 

e Spinal trauma is now more common in the elderly 
due to falls. 

e MDCT has supplemented radiography. 

e MRI reveals the soft tissue components of injury 
including damage to the spinal cord. 

e MRI offers the capacity to predict the severity of 
neurologic injury and prognostic information to 
help guide treatment and select patients for novel 
therapies. 
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Abstract 


The anatomical spaces in and around the spine encompass 
the paraspinal compartment, the vertebral compartment 
and the epidural compartment. Tumors in these compart- 
ments may easily spread via adipose corridors, direct con- 
tact or hematogenous pathways. Classifications such as 
the Weinstein-Boriani-Biagini, SINS, and ESCC or Bilsky 
score are used to grade these tumors. Imaging features of 
main tumoral and pseudotumoral masses are described 
and shown in this review. Detection of masses beyond the 
spine and even beyond the paraspinal space can be of 
utmost importance and examples are shown why radiolo- 
gists should avoid tunnel view into the spinal canal. 
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Learning Objectives 

e To understand that important diagnostic errors 
occur if the radiologist does not actively search for 
lesions beyond the spinal canal and vertebrae. 

e To understand the anatomy of the paraspinal space, 
the intercostal space, the epidural space, and the 
vertebrae together with the interconnecting 
pathways. 

e To understand imaging features of common masses 
in and around the spine. 
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It is the role of the radiologist to detect each mass imaged in 
and around the spine. Subsequently, the radiologist defines 
the compartments involved by the mass and furthermore 
describes the features of the mass in an attempt to understand 
its aggressiveness and to provide a differential diagnosis. 
These are the main tasks for the radiologist to provide added 
value to clinical and surgical management of the patient. 
Some masses may be well-suited for biopsy or treatment by 
interventional radiologists. 

This text will focus on masses located in the paraspinal 
soft tissues and within the bony spine. Regarding the spinal 
canal, masses in the extradural space will be discussed but 
the intradural masses are beyond the scope of this chapter. 

Rather than giving a complete overview of all possible 
masses, this text will focus on hints to ease detection of 
masses, on understanding the compartments involved by the 
tumor, on describing specific features to recognize masses 
and on pointing out the role of interventional radiology for 
some masses. 


Detection of Masses in and Around 
the Spine 


20.1 


Masses within the vertebra and spinal canal are clearly 
depicted and easily detected on MRI by radiologists and cli- 
nicians. Rather than only focusing the eyes on the intraspinal 
structures or bony spine (tunnel view), radiologists should 
scrutinize all image series for lesions in the paravertebral soft 
tissues and even beyond, such as in the retroperitoneum, the 
lungs and the soft tissues of the neck. Although many of 
these lesions are benign or anatomical variations, some are 
of utmost importance and change the clinical management of 
patients. 

When reading CT or MRI scans, the radiologist should 
take time to look at the paraspinal soft tissues and beyond the 
spine [1—4]. A CT or MRI of the lumbar spine typically will 
demonstrate an aneurysm of the abdominal aorta or a renal 
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tumor, often not seen by the clinician but it should be reported 
and clearly communicated by the radiologist. An MRI of the 
cervical spine may reveal the pancoast tumor, but only if the 
radiologist specifically looks at the outer most lateral sagittal 
T1-weighted images of the C-spine where the lung apices are 
visualized. Even the localizer images of CT or MRI may 
demonstrate the presence of a malignant tumor outside the 
spine (Figs. and ). 

When reading plain radiography of the thorax, one should 
specifically look at the spinal elements including the paraspi- 
nal lines and soft tissue, both on the lateral and the frontal 


Fig. 20.1 (a, b) Detection of 
a clinically significant mass. 
Tunnel vision into the spinal 
canal by physicians may 
obviate the timely diagnosis 
of a renal cell carcinoma (a). 
Not looking at the scout 
images of an MRI of the spine 
may obviate the timely 
diagnosis of a lung 
adenocarcinoma (b) 


Fig. 20.2 (a, b) Detection of 
a clinically significant mass. 
Failure to evaluate upper and 
lower corners of the images 
may result in missed 
diagnosis of a vertebral artery 
aneurysm (a). Failure to 
evaluate the outer most lateral 
sagittal T1-weighted image of 
the C-spine may result in 
missed diagnosis of a 
pancoast tumor (b) 
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view. It may reveal a paraspinal mass only visible by dis- 
placed paraspinal lines (Fig. ). 


Key Point Objectives 

e Extraspinal masses may change the clinical path- 
way for your patient, but only if the radiologist 
picks up the extraspinal lesion (cave satisfaction of 
search). 
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Fig. 20.3 (a, b) Detection of 
a paraspinal mass on 
radiography. Actively looking 
for abnormal paraspinal lines 
when reading non-spinal 
radiographies may improve 
detection of paraspinal 
masses, such as a tuberculosis 
abscess 


20.2 Anatomical Compartments 
in and Around the Spine: Paraspinal, 


Vertebral, and Epidural 


The paraspinal compartment extends from the parietal fascia 
ventrally to the paraspinal muscle aponeurosis dorsally and 
from the skull base to the coccyx. It consists of soft tissues 
and surrounds the vertebrae and proximal part of the ribs [5]. 

The main soft tissue structure of the paraspinal compart- 
ment is muscle. Superficial muscles such as trapezius, latis- 
simus dorsi, and levator scapulae do not belong to the 
paraspinal compartment because these are located superficial 
to the paraspinal aponeurosis. Deep to the paraspinal apo- 
neurosis and thoracolumbar fascia (posterior layer) are the 
muscles of the epiaxial paraspinal compartment such as erec- 
tor spinae and multifidi. Anterior to the transverse processes, 
muscles such as psoas and quadratus lumborum in the lum- 
bar spine and longus colli in the cervical spine are present in 
the hypaxial paraspinal compartment. At the thoracic spine, 
no muscle is present anterior to the transverse processes and 
disease may more easily spread anteriorly to the parietal fas- 
cia (pleura). Open connection exists between the paraspinal 
soft tissues anterior (hypaxial) and posterior (epiaxial) to the 
transverse processes at all spinal levels. At the lumbar level, 
the middle layer of the thoracolumbar fascia forms an inter- 
muscular septum at the level of each transverse process but 
in between the processes a narrow communication persists. 
This explains the often dumbbell shape of soft tissue tumors 
extending in the muscles anterior and posterior to the trans- 
verse process. 

The paraspinal compartment is not well enclosed as it 
communicates with the epidural space of the spinal canal and 
the intercostal spaces; anteriorly, it is intimately related to 
the posterior mediastinum, pleura, and retroperitoneum. 
Moreover, the extensive vascular network and neural struc- 
tures together with fat planes make passageways for infec- 
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tious and tumoral lesions to extend into or outside the 
paraspinal compartment. As such, spread of disease may eas- 
ily occur by locoregional contiguity and by hematogeneous 
or perineural dissemination. Thorough radiological descrip- 
tion of the tumoral spread and relation to neural and vascular 
structures is key information for surgeons. 

The vertebral compartment contains the vertebrae and 
discs. Primary or secondary vertebral tumors may readily 
extend through the relative thin cortical bone and the periost 
into the epidural space or the paraspinal soft tissue. The 
Batson plexus consisting of the internal venous vertebral 
plexus, the basivertebral veins, and the external venous ver- 
tebral plexus connects intravertebral lesions to the paraspinal 
soft tissues (or vice versa), and to segmental veins towards 
the azygos and caval veins permitting hematogeneous spread. 

The spinal epidural space lies outside the dura mater and 
within the spinal canal, and it extends from the foramen 
magnum to the sacrum. It contains epidural fat, spinal nerves, 
epidural veins and arteries, and meningovertebral ligaments. 
This space is connected to the vertebral body via the basiver- 
tebral veins and extends to the paraspinal compartment via 
the intervertebral foramina. 

From the above paragraphs, it may be evident that extra- 
compartmental extension frequently occurs in particular for 
tumors with aggressive behavior or malignant nature. The 
radiologist who is knowledgeable of the routes of spread will 
be able to guide the clinician and surgeon in their manage- 
ment decisions. The paraspinal compartment contains the 
adipose tissue corridor between the paraspinal muscles and 
along paraspinal vessels and nerves. It connects to the epi- 
dural space and the intercostal spaces. Contralateral spread 
may take place via the epidural space, throughout the bone or 
via the soft tissues anteriorly to the vertebrae (Fig. 20.4). 
Craniocaudal extension may easily occur within the epidural 
space and via the longitudinally oriented muscles and fat 
planes of the paraspinal compartment. 
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Fig. 20.4 Anatomy of the paraspinal space on axial TIWI (a, b). The 
green line surrounds the epiaxial paraspinal space and the green dashed 
line the hypaxial paraspinal space. Red arrows show the possible path- 


Key Point Objectives 

e Anatomical compartments in and around the spine 
are not well compartmentalized and lesions can eas- 
ily spread between vertebral body, epidural space, 
and paraspinal space. 


20.3 Grading of Masses in and Around 
the Spine 


Once a mass is detected by imaging, grading of the mass is 
necessary. Grading includes looking for features that show 
the aggressiveness of the tumor and defining the compart- 
ments involved. Grading can be helpful for characterization 
of a mass, and grading is of high importance to direct clinical 
and surgical management. 

Radiography may provide insight into the overall mor- 
phology of the spine, is the best modality to evaluate spinal 
alignment in standing position (as required for the SINS 
classification, see below), and shows if the lesion will be vis- 
ible on intra-operative radiography. 

CT demonstrates the matrix of the tumoral mass (osteoid, 
chondroid, dystrophic) and the bony changes such as lytic, 
mixed and osteoblastic, expansile or exostosis, scalloping or 
foraminal enlargement, and periosteal reaction. Slow- 
growing lytic lesions are often surrounded with a thin scle- 
rotic margin while fast-growing aggressive lesions have a 
wide transitional zone with ill-defined bone destruction, and 
moth-eaten cortical permeation. 

MRI is the modality of choice to define size and extent of 
the tumoral mass. Bone involvement, spinal canal, and soft 
tissue involvement are well visualized due to excellent con- 
trast resolution. It allows for tumor staging and detection of 
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ways involved in paraspinal tumor spread along fat planes (shown in 
yellow). Note: epiaxial lesions are located posterior to and hypaxial 
lesions anterior to the transverse process. (From [5], licensed under 
CC-BY 4.0) 


neurovascular involvement. Tl-weighted sequences and 
T2-weighted sequences with fat saturation both in sagittal 
and axial planes are preferred. 


20.3.1 Weinstein-Boriani-Biagini Classification 


After describing the compartments involved and the cranio- 
caudal segments involved, the radiologist can use the 
Weinstein-Boriani-Biagini classification regarding tumor 
extension in the axial plane to help the surgeon in treatment 
planning (Fig. 20.5). This classification divides spinal and 
paraspinal regions into five concentric layers regarding depth 
of tumor involvement (from paraspinal soft tissue, superfi- 
cial bone, deep bone, epidural, to intradural involvement) 
while location is determined using a clockwise 12-sector 
grid. Surgical resection strategies may involve complete ver- 
tebral corporectomy, sagittal hemicorporectomy, or posterior 
arch resection. 


20.3.2 Spinal Instability Neoplastic Score 
(SINS) 


Vertebral lesions may lead to instability of the spine. 
Radiography, CT and MRI can be used to evaluate stability 
and fracture risk. The Spine Instability Neoplastic Score 
(SINS) assesses six variables: location of lesion, type of 
pain, type of bony lesion, radiographic spinal alignment, 
degree of vertebral body collapse, and involvement of pos- 
terolateral spinal elements (Table 20.1). The scores for each 
variable are added resulting in a final score between 0 and 
18. A score of 0—6 denotes stability, a score of 7—12 denotes 
indeterminate (possibly impending) instability, and a score 
of 13 to 18 denotes instability [7]. 
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Fig. 20.5 Weinstein-Boriani-Biagni (WBB) classification: a surgical 
staging system that divides the vertebra into 12 equal radiating zones in 
an axial plane (1-12) and into five concentric layers regarding depth of 
tumor involvement (a-f); it is used to establish feasibility criteria and 


Table 20.1 Spinal Instability Neoplastic Score (0-6: stable; 13-18: 
unstable) 
Spinal instability neoplastic score (SINS) component 


Location 
Junctional (occiput-C2, C7-Th2, Th11-L1, L5-S1) 3 


Score (0-18) 


Mobile spine (C3—C6, L2-L4) 2 

Semi rigid (Th3-Th10) 1 

Rigid (S2-S5) 0 
Pain 

Mechanical pain* 3 

Occasional pain but not mechanical 1 

Pain-free lesion 0 
Bone lesion 

Lytic 2 

Mixed (lytic/blastic) 1 

Blastic 0 
Radiographic spinal alignment 

Subluxation/translation present 4 

De novo deformity (kyphosis/scoliosis) 2 

Normal alignment 0 
Vertebral body collapse 

>50% collapse 3 

<50% collapse 2 

No collapse with >50% of body involved 1 

None of the above 0 
Posterolateral involvement of spinal elements® 

Bilateral 3 

Unilateral 1 

None of the above 0 


“Pain improvement with recumbency and/or pain with movement/load- 
ing of spine 

>Facet, pedicle, or costovertebral joint fracture or replacement with 
tumor 
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strategy for tumor resection [6]. (a) Extraosseous soft tissue; (b) 
Intraosseous (superficial); (c) Intraosseous (deep); (d) Extraosseous (epi- 
dural); (e) Extraosseous (intradural); (f) Vertebral artery involvement (not 
shown). (Medical art licensed under CC-BY 4.0 by Annick Gryspeirt) 


20.3.3 Epidural Spinal Cord Compression 
(ESCC) Scale, Bilsky Score 


Vertebral body metastatic disease may extend in the epidural 
space and may compress the spinal cord in particular after 
vertebral body collapse. The Epidural Spinal Cord 
Compression (ESCC) score, also known as the Bilsky score 
and based on MRI only, helps to determine the management 
strategy regarding radiotherapy and surgery [8]. Grade 0 
(bone only disease), grade la and 1b (epidural extension 
without or with deformation of the thecal sac) can be treated 
with radiotherapy. Treatment strategy for grade 1c (deforma- 
tion of the tecal sac with spinal cord abutment) remains con- 
troversial. Grade 2 and 3 (spinal cord compression with and 
without visible cerebrospinal fluid around the cord) require 
surgical decompression except for highly radiosensitive 
tumors (Fig. 20.6). For other neoplasms involving the 
epidural space, grade 1-3 can be used to express the degree 
of spinal cord compression. 


Key Point Objectives 

e Radiologists add value to patient management deci- 
sions by grading the tumors according to estab- 
lished scales and scores. 
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Fig. 20.6 Epidural spinal cord compression (ESCC) scale (Bilsky 
score) used to describe metastatic tumor extension from the vertebral 
body into the spinal canal and to assess the degree of spinal cord com- 
promise. Low grade includes bone only disease (grade 0), epidural 
impingement without deformation of thecal sac (grade 1a), deformation 
of the thecal sac without spinal cord abutment (grade 1b), and deforma- 
tion of the thecal sac with spinal cord abutment (grade 1c); high grade 


20.4 Characterization of Masses 
in and Around the Spine 
20.4.1 Mass in the Paraspinal Space 


To characterize the detected mass, clinical information 
should be considered together with the imaging findings [5, 
9-11]. Clinical info should mention age and medical data 
including oncologic history, neurofibromatosis, chronic ane- 
mia such as in sickle cell disease or thalassemia, immuno- 
suppression (lymphoma), trauma, infectious lab findings or 
endemic areas for infections such as tuberculosis, brucello- 
sis, echinococcosis, and cysticercosis. 

Image analysis starts with locating the epicenter of a 
mass: within the bone, in the epidural space, in the paraspi- 
nal compartment anterior or posterior to the transverse pro- 
cess (hypaxial or epiaxial, respectively). Extramedullary 
hematopoiesis and nerve sheath tumors will almost invari- 
ably present anterior to the transverse processes. Lipomas 
and liposarcomas may arise anterior or posterior to the trans- 
verse process. Posterior to the transverse process, benign 
tumors such as fibromatosis, hemangioma, epidermoid cyst, 


La 
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includes spinal cord compression with cerebrospinal fluid visible some- 
where around the cord (grade 2) and spinal cord compression without 
cerebrospinal fluid visible (grade 3). Orange color represents tumor 
extending from vertebral body, yellow color represents the epidural 
space, and blue color represents the cerebrospinal fluid in the thecal sac 
(medical art licensed under CC-BY 4.0 by Annick Gryspeirt) 


and hibernoma are found together with malignant sarcomas 
such as synovial sarcoma, malignant peripheral nerve sheath 
tumor (MPNST), synovial sarcoma, leiomyosarcoma, and 
undifferentiated sarcoma. 

Tumors located at the aponeurosis of the paraspinal mus- 
cles include desmoid and nodular fasciitis. At the boundaries 
of the paraspinal region, invading tumors from the skin 
appendages or tumors arising from anteriorly through the 
parietal fascia in the thorax and abdomen should be consid- 
ered. Lipomas and pseudotumors such as hematoma and 
abscesses may occur at any site. Tables, flowcharts, and case 
examples are shown in the following sections (Figs. 20.7, 
20.8, 20.9, and 20.10). 


20.4.2 Mass Within the Vertebra 


Diagnosis of vertebral masses may be quite challenging and 
several classifications can be used to distinguish vertebral 
tumors such as neoplastic vs. non-neoplastic, malignant vs. 
benign tumor, primitive vs. secondary, and the origin of a 
tumor, hematopoietic vs. osteogenic vs. chondrogenic vs. 
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Fig. 20.7 As well known from soft tissue tumor MR imaging, masses 
containing fat, methemoglobin, protein-rich fluid or melanin will show 
high T1 signal intensity; hypercellular or myxoid lesions demonstrate 
fluid intensities; fibrous tumors with predominant collagen present with 
low signal intensity both on T1- and T2-weighted images; fluid-fluid 
levels can be a sign of blood-filled cavities. Post-contrast T1-weighted 
images help to separate solid fromSpinal massesparaspinal space cystic 
lesions, to estimate vascularity of the mass and identify tumor necrosis. 


Fig. 20.8 (a-d) GLI fusion 
soft tissue sarcoma in a 
middle-aged woman, located 
in the hypaxial paraspinal 
space in the upper thoracic 
spine and extending through 
the intervertebral foramen 
(Bilsky grade 1C). Because of 
the widened intervertebral 
foramen, the initially small 
mass was in follow-up as a 
benign peripheral nerve 
sheath tumor (a). Progressive 
growth, bone involvement 
(vertebral body and facet), 
necrotic and solid components 
lead to suspicion of 
malignancy and subsequent 
surgery (b—d) 
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(a, b) Lipoma or low-grade liposarcoma in the epiaxial paraspinal 
space, involving and enlarging the intermuscular fat planes and 
extending into the intervertebral foramen with some compression of the 
thecal sac, i.e., Bilsky grade 1b (a). The lesion is almost homogeneously 
hyperintense on T1 WI inferring the diagnosis of lipoma, but because of 
its size (see longitudinal extension) low-grade liposarcoma should be 
suspected (b) 
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1. What is the relation with the thoracolumbar fascia? 
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BPNST Desmoid tumour 
Skin appendage en 
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© Tumour bone lesion aes — No bone lesion 
Use a bone tumour imaging approach HEM Fat plane between 
Trauma tumour and vertebra 
| Infection > Use a soft- 
Cyst tissue tumour 
fh eA ç> c imaging approach 
Sclerosis Excrescence Scalloping ~" Moth-eaten Lipoma 
. 
Lymphoma Exostosis PCT Metastasis ce ioma 
Osteosarcoma cs GCT PCT, Ewing Li = * 
Osteosarcoma sarcoma, GCT, Seen 
us* 
CS, ABC, MPNST* 
Chordoma ss* 
Lymphoma 


! Caution ! Benign and malignant soft-tissue tumours* can have bone extent 
3. Staging: What is the locoregional extent? 
Fig. 20.9 Flowchart for paraspinal masses. Stars represent soft tissue aneurysmal bone cyst; CS, chondrosarcoma; GCT, giant cell tumor; 


tumors with bone involvement. BPMNST, benign peripheral nerve PCT, plasma cell tumor; US, undifferentiated sarcoma; and SS, syno- 
sheath tumor; MPNST, malignant peripheral nerve sheath tumor; ABC, vial sarcoma. (From [5], licensed under CC-BY 4.0) 
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Synovial sarcoma ! Caution ! 
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nerve sheath tumor > discuss the range of retroperitoneal, mediastinal or 

Synovial sarcoma pleural lesions. 

Leiomyosarcoma 


Epaxial lesion with skin extension 
> Discuss the range of a skin or skin appendage lesions. 


Fig. 20.10 Overview of paraspinal masses. Stars represent the more nerve sheath tumor; ABC, aneurysmal bone cyst; CS, chondrosarcoma; 
common lesions. Words in bold represent benign lesions. BPMNST, GCT, giant cell tumor; PCT, plasma cell tumor. (From [5], licensed 
benign peripheral nerve sheath tumor; MPNST, malignant peripheral under CC-BY 4.0) 
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Fig. 20.11 (a-c) Metastasis. Aggressive bone lesion with involvement 
of vertebral body and lamina, cortical permeation, and extension in the 
spinal canal. Intermediate to high signal on T2WI and homogeneous 
low signal on T1 WI with avid enhancement are seen (a—c). At the pos- 


vascular origin, etc. Therefore, final diagnosis must be made 
after assessment of both available imaging data (MRI and 
CT) and setting (age, sex, location, and clinical presentation) 
in order to accurately diagnose a vertebral mass. Typical pre- 
sentation of specific lesions may result in “‘do-not-touch” 
lesions, meaning that a biopsy is not necessary; in unresolved 
cases, a biopsy may be deemed necessary for diagnosis. 


20.4.2.1 Vertebral Metastasis 

Arguments in favor of metastatic spine disease usually 
include multi-level lesions and presence of primary tumor 
known to be associated with bone metastasis (lung, breast, 
prostate, kidney, thyroid are the most common). Diagnosis of 
metastatic disease may be challenging in the case of a solitary 
mass with no known cancer setting, often requiring biopsy. 
Imaging features of metastatic disease include highly lytic 
lesions, highly sclerotic lesions, or mixed presentations. 
Osteolytic lesions are hyperintense on T2WI, iso- to hypoin- 
tense on T1 with strong enhancement after IV contrast 
(Fig. 20.11), which correlates on CT with hypodense lesions 
that have indistinct borders often with permeation of cortical 
bone as in the Lodwick classification [12]. Local extension to 
surrounding soft tissues should be looked for, and the classic 
“draped curtain” presentation in the epidural space may be 
present. Metastatic disease may also present as a highly scle- 
rotic bone lesion (hyperdense on CT, low signal on T1 WI and 
T2WT)) in primary tumors such as prostate, breast, transitional 
cell, and medullary thyroid carcinomas, lung adenocarci- 
noma, carcinoid, lymphoma (ivory vertebra), and small cell 
lung cancer. Bone metastases may have a mixed presentation 
of both lytic and sclerotic areas (e.g., 25% of breast carci- 
noma, 15% of prostate carcinoma, 15% of lung carcinoma, 
testicular tumors, cervix carcinoma, gastrointestinal cancer). 
Metastases may affect all bony segments of the vertebra. 


terior border of the vertebral body, the posterior longitudinal ligament 
is lifted by the metastasis, known as “draped curtain” sign. (b, c) The 
epidural space involvement has resulted in spinal cord compression 
(Bilsky grade3) 


20.4.2.2 Primary Malignant Tumors 
of the Vertebrae 

These tumors are rare and present mainly in patients over 
30 years of age and mainly involve the vertebral body. 
However, osteosarcoma, chondrosarcoma, and Ewing sar- 
coma are often seen in younger ages and have a propensity 
to occur in the posterior elements of vertebra before 
extending towards the vertebral body. Longitudinal exten- 
sion to adjacent vertebral levels is most often seen in lym- 
phoma followed by chordoma and _ chondrosarcoma 
[13-15]. 

Epidemiology, preferred location, and involvement of 
adjacent vertebra together with some imaging examples are 
shown (Table 20.2, Figs. 20.11, 20.12, 20.13, 20.14, and 
20.15). 


20.4.2.3 Primary Benign Tumors 

of the Vertebrae 
These tumors may be classified according to tissue of origin 
such as osteogenic, chondrogenic, vascular, osteoclastic 
giant-cell rich, notochordal, mesenchymal, or hematopoetic 
[16, 17]. Characteristic imaging features often allow a spe- 
cific diagnosis based on imaging and will avoid the need for 
biopsy (Table 20.3). Some imaging examples are shown 
(Figs. 20.16, 20.17, and 20.18). 


20.4.3 Mass in the Epidural Space 


Epidural masses are relatively limited in origin as they can 
either be derived from vascular or fat tissue. However, many 
tumoral or pseudotumoral lesions may invade or compro- 
mise the epidural space (Table 20.4). Some imaging exam- 
ples are shown (Figs. 20.19, 20.20, and 20.21). 
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Table 20.2 Epidemiology, preferred location, and extension of pri- 
mary malignant tumors of the vertebrae 


Axial location and 
Mean longitudinal 
Tumor type age (y) Spine location extension 
Ewing sarcoma 19.3 S>L>T>C Posterior elements 
Osteosarcoma 38 WAIL SSC Posterior elements 
(extension in body) 
Chondrosarcoma 45 TS CSL All + adjacent levels 
Lymphoma 40-60 All Body + adjacent 
levels 
Chordoma 50-60 Skull base, S (C, Body + adjacent 
TE) levels 
Plasmacytoma >60 ay Body (extension in 
pedicle and in disk) 
Multiple Rare All Body (extension in 
myeloma under pedicle and in disk) 


30 


C cervical, T thoracic, L lumbar, S sacral 


Fig. 20.12 (a-d) Chordoma 
of the sacrum. On MRI, the 
lesion is iso- to hyperintense 
on T2WI (a), iso- to 
hypointense on T1 WI (b, c). 
It demonstrates avid 
inhomogeneous enhancement 
referred to as “honeycomb- 
like” in TIWI with fat 
saturation (d). It demonstrates 
features of an aggressive 
tumor, with cortical 
disruption, soft tissue 
invasion, and longitudinal 
extension. Diagnosis usually 
requires biopsy 
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towards the posterior mediastinum, in the intercostal spaces, and in the 
epidural space with compression of the spinal cord, i.e., Bilsky grade 3 (b, 
c). Longitudinal extension in both the paravertebral space and the intradu- 
ral space is seen together with vertebral involvement over at least 6 levels 


Fig. 20.13 (a—c) Diffuse large B-cell lymphoma of the thoracic spine in 
an elderly patient presenting with chronic dorsal pain and claudication. CT 
demonstrates an ivory vertebra together with paraspinal soft tissue mass 
(a). MRI shows the soft tissue extension in the hypaxial paraspinal space 


Fant 

fractures, diffusely heterogeneous bone marrow, and in particular “red 
bone marrow” nodules in the normally fatty sacral wings of the elderly (c). 
Note: always look at the sacral wings in the outer most sagittal T1 images 


Fig. 20.14 (a—c) Multiple myeloma. When reading spine MRI exams, 
the astute radiologist will report the possibility of multiple myeloma in 
case of an elderly patient with multiple consecutive vertebral compression 
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Fig. 20.15 (a-c) Plasmacytoma with mini-brain appearance. Example 
of a solitary plasmacytoma in a 31-year-old man presenting with low 
back pain. The CT image demonstrates an irregular shaped lytic lesion 


Table 20.3 Primary benign tumors: CT and MR characteristics and treatment modalities 


Tumor type 
Osteoma 


Osteoid osteoma (OO) 


Osteoblastoma 


Hemangioma 


Aggressive Hemangioma 


Fibrous dysplasia 


Osteochondroma 


Chondroblastoma 


Simple bone cyst 
Aneurysmal bone cyst 
(ABC) 


Benign notochordal 
tumor 


Giant cell tumor 
Eosinophilic granuloma 


(Langerhans 
histiocytosis) 


CT features 

Dense sclerotic, round shape, 
sometimes with spicula 

Posterior elements, central nidus 
lucent or sclerotic with lucent rim, 
broad and dense sclerotic reactive 
zone 


Like osteoid osteoma, osteoid forming 


tumor of larger size of nidus: >1.5 cm 
with variable mineralization 
Hypodense with coarse vertical 
trabeculae (white polka dots/corduroy 
sign) 

Like hemangioma but with bone 
destruction 


Expansile, ground-glass matrix; cystic 
areas may appear lytic (rare in spine, 
polyostotic) 

Continuity of bony cortex and 
medullary space from lesion into 
normal bone 

Osteolytic, thin sclerotic rim, may 
involve cortical bone, variable 
intralesional calcification (chondroid 
matrix) 

Radiolucent, thin sclerotic rim 
Balloon-like expansile, lytic with 
bony septa, thin cortical shell may 
focally disrupt 

Sclerotic, may involve entire vertebra 
preserved trabecula, no cortical 
destruction 

Lytic, expansile, cortical disruption, 
thin/disrupted sclerotic margins and 
trabecula, locally aggressive lesion 
Lucent lytic lesion, bone destruction 
locally aggressive lesion, vertebra 
plana 


MRI features (high and low refer to signal 


intensity) 
Low on all sequences 


Nidus is low on T1 and high on T2, avidly 
enhancing; broad, enhancing reactive zone (not 
malignant!) nidus easily missed on MRI, CT is 


preferred 


Low on T1, high on T2, variable enhancement 
peritumoral oedema and periosteal reaction 
fluid-fluid levels if associated ABC 

Typical (fatty stroma): High on T1, high on T2 
atypical (vascular): Iso or low on T1, high on 


2 


idem to atypical hemangioma, avid 
enhancement, use fat saturation to see 
extraosseous extension/cord compression 
Low on T1, low to intermediate on T2, cystic 
areas are high on T2, enhancement variable 


Bone marrow signal, cortical bone signal 
cartilage cap (high on T2) 


Iso on T1, heterogeneous on T2 and after 
contrast lobular matrix, low T1 and T2 rim, 
bone marrow and soft tissue edema with 


enhancement 
Fluid signal intensity 


Fluid-fiuid levels (lower layer is low on T2) 


solid ABC exist 


Hypo or iso, some high foci on T1 (entrapped 
fat) high on T2, may sometimes enhance 


Soft tissue component, sharp margin, thin 
curvilinear bands (residual trabecula) fluid-fluid 


levels if associated ABC 


Low or iso on T1, high on T2, diffusely 


enhancing 
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of the vertebral body, with cortical thickening correlating to linear 
hypointense struts in T1 and T2 imaging resembling the cortical gyra- 
tion of a mini-brain 


Treatment 
Not needed 


Surgical curettage or 
percutaneous ablation 
Surgery 

Not needed 

Optional: Embolization, 


vertebroplasty, surgery 


Not needed 


Optional (resection) 


Surgery (curettage) 


Not needed 

Optional: Biopsy, 
surgery, or calcitonin/ 
corticoid injection 
Not needed, MRI 
follow-up to exclude 
chordoma 

Surgery (resection) 


Conservative, surgery 
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Fig. 20.16 (a-c) Osteoid osteoma in a child with inflammatory pain 
responding to salicylic acid and non-steroidal anti-inflammatory drugs. 
Use of these drugs are a diagnostic test for osteoid osteoma. On MRI, a 
hypointense sclerotic center with extensive surrounding inflammation 


Fig. 20.17 (a-d) Benign Notochordal Cell Tumor (BNCT) in an 
asymptomatic young adult. Sclerotic lesion on CT involving a large 
central area of the L3 body showing visible, undestructed bone trabecu- 
lae (a, b). On MRI, the lesion is hypointense on T1 WI (c) and hyperin- 
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(reactive zone) on T2WI (a) and strong enhancement after IV contrast 
on T1 WI with fat suppression (b) is seen. CT to better advantage shows 
the typical sclerotic rounded center with a hypodense rim representing 
the osteoid nidus (c) 


tense on T2WI (d). No contrast enhancement (not shown). Incidentally, 
a vertebral hemangioma is present in the L4 body, hyperintense on T1 
and T2 due to fatty content. Modic type 2 changes are present at level 
L4-L5 
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Fig. 20.18 (a-d) Giant cell 
tumor in the cervical spine of 
a young adult. Benign locally 
aggressive tumor presenting 
as a lytic expansile lesion 
with cortical disruption and 
soft tissue invasion. CT 
demonstrates the osteolysis 
but also a thin sclerotic rim in 
the vertebral body (narrow 
transition zone) and a thin 
cortical shell that is rather 
eroded and displaced than 
destructed: signs of an 
expansile erosive lesion but 
not permeative (a, b). The 
characteristic finding on MRI 
is the heterogeneous to low 
signal on T2WI representing 
hemorrhagic components (c). 
The lesion is hypointense on 
T1 and avidly enhances after 
IV contrast administration (d) 


Table 20.4 Masses in the epidural space 


Degenerative Disc herniation, ligamentum flavum degeneration 
(mucoid and cystic change, calcification, 
hypertrophy), facet arthropathy, intraspinal synovial 
facet cyst, frictional bursitis de novo in Baastrup, 
ossification of posterior longitudinal ligament 
(OPLL), retrodental pseudotumor of transverse 


ligament 
Infectious Pyogenic abscess, tuberculous abscess, fungal 
infection 
Neoplastic Lipoma/lipomatosis, angiolipoma, cavernous 
benign hemangioma, schwannoma, neurofibroma, 


meningioma, paraspinal arteriovenous malformation/ 
fistula, arachnoid cyst, dermoid, epidermoid cyst, 
extramedullary hematopoiesis 

Neoplastic Lymphoma, metastasis, neuroendocrine spinal tumor 

malignant (paraganglioma) 

Congenital Neurenteric cyst (more frequently intradural), 
meningeal cyst 

Other Epidural hematoma (spontaneous, post-traumatic, 
post-surgery), pseudomeningocele, postoperative 
fibrosis, early postoperative pseudomass (débris), 
dilated venous plexus as collateral pathway in 
inferior vena cava obstruction, Hirayama’s disease 
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Fig. 20.19 (a-c) Epidural lipomatosis on T1WI, often seen in over- in the lumbar spine excessive fat surrounds the thecal sac resulting in a 
weight patients or secondary to steroids intake. In the thoracic spine, Y shaped compression (b, c) 
excessive fat is usually present in the posterior epidural space (a), while 
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Fig. 20.20 (a-d) Epidural 
hematoma can occur after 
trauma, secondary to a 
vascular abnormality or 
anti-coagulant therapy, or 
spontaneously as in this case. 
Blood signal on MRI will 
vary according to age of the 
hematoma. An epidural 
hematoma posteriorly in the 
spinal canal is shown with 
intermediary signal on 
non-contrast TIWI (a, ¢) and 
typical hypointense signal on 
T2WI (b, d). No contrast 
enhancement was present (not 
shown) 
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Fig. 20.21 (a, b). Cavernous 
hemangioma is rare in the 
epidural space and presents 
with typical low signal on T2, 
hypo-intense to iso-intense 
signal on T1 and with avid 
enhancement (a, b). A 
specific characteristic of 
cavernous hemangioma is the 
possible multilevel extension 
and the association with an 
osseous malformation such as 
a vertebral hemangioma (b) 


20.5 Concluding Remarks 


Important tumoral or infectious lesions may be missed if the 
extraspinal soft tissues are not scrutinized by the radiologist. 
Once a lesion is detected, the compartment of origin and the 
extension to neigboring compartments needs to be deter- 
mined using established classifications. Many lesions can be 
correctly diagnosed based on imaging features alone, 
however when in doubt follow-up imaging or a biopsy can be 
deemed necessary. 


Take-Home Messages 

e Beware of satisfaction of search and use your radio- 
logical skills to detect extraspinal lesions on every 
CT and MRI of the spine you read. 

e Add value by correctly grading and characterizing 
masses in and around the spine. 


. Boriani S, Weinstein JN, Biagini R. 
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